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Over the past decades, the rapid development of semiconductor technology has triggered a boom 

in many science and technology fields and brought enormous change to our daily life. Recently, 

the emergence of nanomaterials, advancement of nanofabrication techniques, and continuous 

demand of transistor down-scaling have populated research with nanoscale features. With the spirit 

of application-driven research, my doctoral study has been devoted to enhancing the potential of 

nanoscale semiconductor devices in electronics, biomedical and optoelectronic applications. In 

this dissertation, nanoscale field-effect transistors with both quasi one-dimensional structure using 

Si nanowire and two-dimensional structure using MoS2 are investigated for biosensing, aiming at 

high-sensitivity, high-stability and high-reliability. The Si nanowire transistors were fabricated 

using photolithography and electron-beam lithography. The effect of electrical bias with 

alternating current at both source/drain and gate on sensing sensitivity and stability were studied. 

The few-layer MoS2 transistors were fabricated using photolithographic patterning, and different 

gate dielectric structures were investigated for sensing sensitivity and stability. In the next portion 

of the dissertation, nanoscale organic-inorganic hybrid perovskites, patterned by nanoimprint 

lithography for the first time, were investigated for optoelectronics, aiming at low-cost and high-



 

vii 

efficiency. The physical properties of nanoimprinted perovskite thin-film and the sensitivity of as-

fabricated photodetectors were investigated. Perovskite nanostructures were further studied for 

emission enhancement via photonic crystal cavity resonance both numerically and experimentally. 

This research also extends to investigation of bio-inspired nanoimprint, which utilized pre-existing 

functional nanostructure from biological surface, for application on optoelectronics.    

 

 

  



 

viii 

TABLE OF CONTENTS 

ACKNOWLEDGEMENTS ........................................................................................................... iv 

ABSTRACT ................................................................................................................................... vi 

LIST OF FIGURES ....................................................................................................................... xi 

LIST OF TABLES ..................................................................................................................... xviii 

CHAPTER 1 INTRODUCTION TO NANOSCALE FIELD-EFFECT TRANSISTOR-BASED 

BIOSENSOR ..................................................................................................................................1 

1.1 Field-Effect Transistor-Based Biosensor .................................................................1 

1.2 Nanoscale FET Biosensor ........................................................................................5 

1.2.1 Si NW 1D FET Biosensor ............................................................................6 

1.2.2 MoS2 2D FET Biosensors ............................................................................8 

1.3 Challenges and Motivations ...................................................................................10 

CHAPTER 2 SI NW FET PH SENSING WITH AC FOR IMPROVED SENSITIVITY ..........12 

2.1 Introduction ............................................................................................................13 

2.2 Si NW FETs Fabrication and Characterization .....................................................13 

2.2.1 Fabrication of Si NW FETs ........................................................................13 

2.2.2 Device Characterization .............................................................................16 

2.3 Experimental of AC pH Sensing with Si NW FETs ..............................................16 

2.3.1 Surface Functionalization with SAMs .......................................................16 

2.3.2 PH Sensing Setup with Source/drain AC-bias ...........................................17 

2.4 Sensing Results and Analysis ................................................................................18 

2.4.1 Electrical Characterization .........................................................................18 

2.4.2 AC pH Sensing with Frequency-dependent Sensitivity .............................19 

2.4.3 Semi-Analytic Model .................................................................................22 

2.5 Summary ................................................................................................................24 

CHAPTER 3 SI NW FET PH SENSING WITH AC FOR IMPROVED STABILITY ..............26 

3.1 Introduction ............................................................................................................26 

3.2 Experimental of AC PH Sensing with Si NW FETs..............................................27 



 

ix 

3.2.1 Fabrication of Si NW FETs ........................................................................27 

3.2.2 PH Sensing Setup with Gate AC-bias ........................................................27 

3.3 Sensing Results and Analysis ................................................................................29 

3.3.1 Device Characterization .............................................................................29 

3.3.2 AC pH Sensing with Improved Repeatability ............................................30 

3.3.3 AC pH sensing with Improved Stability and Accuracy .............................34 

3.4 Summary ................................................................................................................37 

CHAPTER 4 MOS2 2D FET PH SENSING WITH HIGH STABILITY ...................................38 

4.1 Introduction ............................................................................................................39 

4.2 Experimental of MoS2 2D FETs pH Sensing ........................................................40 

4.2.1 Fabrication of MoS2 FETs..........................................................................40 

4.2.2 PH Sensing Experimental Setup ................................................................41 

4.3 PH Sensing Results and Analysis ..........................................................................43 

4.3.1 MoS2 FET pH Sensor with HfO2 ...............................................................43 

4.3.2 MoS2 FET pH Sensors with Al2O3/HfO2 ...................................................46 

4.4 Summary ................................................................................................................53 

CHAPTER 5 INTRODUCTION TO NANOIMPRINTED HYBRID PEROVSKITE 

OPTOELECTRONICS ..................................................................................................................54 

5.1 Organic-Inorganic Hybrid Perovskite Materials ....................................................54 

5.2 Nanoimprint Technology .......................................................................................57 

5.3 Challenges and motivations ...................................................................................60 

CHAPTER 6 NANOIMPRINTED HYBRID PEROVSKITE PHOTODETECTORS ...............63 

6.1 Introduction ............................................................................................................64 

6.2 Nanoimprinted Hybrid Perovskite Material Characterization ...............................66 

6.2.1 Nanoimprint Process of Hybrid Perovskite ................................................66 

6.2.2 Material Characterization ...........................................................................69 

6.3 Hybrid Perovskite Photodetectors..........................................................................72 

6.3.1 Fabrication Process ....................................................................................72 

6.3.2 Optoelectronic Characterization .................................................................73 

6.3.3 Perovskite Nanograting Photodetectors with High Sensitivity ..................79 



 

x 

6.4 Summary ................................................................................................................81 

CHAPTER 7 NANOIMPRINTED HYBRID PEROVSKITE METASURFACE ......................83 

7.1 Introduction ............................................................................................................84 

7.2 Absorption Properties of Nanoimprinted Metasurface ..........................................85 

7.3 Nanoimprinted Perovskite Metasurface with Enhanced Emission ........................87 

7.3.1 Numerical Simulations ...............................................................................87 

7.3.2 Fabrication of Modeling-Based Metasurface .............................................88 

7.3.3 Photoluminescence Characterization .........................................................89 

7.4 Summary ................................................................................................................93 

CHAPTER 8 BIO-INSPIRED NANOIMPRINT FOR OPTOELECTRONICS .........................95 

8.1 Introduction ............................................................................................................96 

8.2 Bio-inspired Nanoimprint Process .........................................................................98 

8.3 Surface Nanostructure Characterization ..............................................................100 

8.4 Optoelectronic Characterization ..........................................................................105 

8.5 Summary ..............................................................................................................107 

CONLUSIONS AND FUTURE WORK .....................................................................................109 

REFERENCES ............................................................................................................................112 

BIOGRAPHICAL SKETCH .......................................................................................................127 

CURRICULUM VITAE 



 

 
 

xi 

LIST OF FIGURES 

Figure 1-1. A schematic comparison of conventional MOSFET and ISFET. .................................3 
 

Figure 1-2. Schematic of bio-FETs and its working principle. (a) Cross-section of SiNW FET 

biosensor. Binding of charged molecules would cause change of source drain current. (b) 

Mechanism of channel current modulation in a p-type biosensor. When positive charged 

targets bind to the receptors, holes will be depleted causing a decrease of current. When 

negative charged targets bind to the receptors, holes will be accumulated causing an 

increase of current. Reprinted by permission from IEEE [IEEE Transactions on 

Nanotechnology] [3], copyright © 2008 IEEE. ...................................................................5 
 

Figure 1-3. Size comparison of nanostructures with the biological species such as protein, DNA 

and virus. Reprinted by permission from IEEE [IEEE Transactions on Nanotechnology] 

[3], copyright © 2008 IEEE. ................................................................................................6 
 

Figure 1-4. A schematic to illustrate the influence of surface interaction on wire conduction. In 

microscale wire, surface charge only affects the conduction near the top surface. In 

nanoscale wire, the influence from the surface charge extends into the interior of wire. 

Reprinted by permission from MDPI [Sensors] [14], copyright (2008) ..............................8 
 

Figure 2-1. (a) Optical and (b) electron micrograph of a typical Si NWFET biosensor device. ...15 
 

Figure 2-2. Transfer characteristics of a Si 100 NW FET device. .................................................16 
 

Figure 2-3. (a) 3-D printed clamp for pH sensing tests. (b) 2-D schematic illustration of pH 

sensing setup with Si NWFETs. ........................................................................................18 
 

Figure 2-4. Basic circuit chatacteristics of a Si NW FET in series with 1MΩ resistor load with 

buffer solution of pH=5.54. (a)  Ids-Vg curve with source biased at - 0.1V.  (b) Ids-Vs 

curve with gate biased at 0.5V. ..........................................................................................19 
 

Figure 2-5. An example plots of (a) Ids,pp – pH and (b) Vd,pp – frequency, with 1 MΩ load 

resistance. ...........................................................................................................................20 
 

Figure 2-6. Current sensitivity versus frequency. The error bars represents the standard deviation 

from ascending pH results and descending pH results. .....................................................21 
 

Figure 2-7. Equivalent frequency response circuit model with AC biasing at source. ..................22 
 

Figure 3-1. (a)-(b) Schematics of pH sensing with (a) conventional gate DC bias and (b) gate AC 

bias for stability improvement. (c) A 3-D printed clamp for sensing tests. .......................28 
 



 

xii 

Figure 3-2. A example of Si NW FET transfer characteristics ......................................................29 
 

Figure 3-3. Plot of Ids – Time when two different pH solutions were delivered and repeated for 

five cycles, each solution flows ~ 100 s. (a) DC condition, gate was biased with 2 V and 

(b) AC condition, gate was biased with peak-to-peak voltage of 4 V at 10 KHz. .............30 
 

Figure 3-4. Plot of ψ – Time converted from figure 3-3. (a) DC condition, gate was biased with 2 

V and (b) AC condition, gate was biased with peak-to-peak voltage of 4 V at 10 KHz. ..31 
 

Figure 3-5. Examples of histogram of Ids at each pH over five cycles, obtained from test of pH 9-

8 in Figure 3-4. Gaussian fittings were conducted for each pH at each cycle. (a – b) DC 

condition with (a) at pH 9 and (b) at pH 8, and (c – d) AC condition with (c) at pH 9 and 

(d) at pH 8. .........................................................................................................................33 
 

Figure 3-6. DC and AC sensing results comparison, when six solutions with pH in the range of 4 

– 9 are delivered for one round-cycle (first descending pH, then ascending pH). (a)-(b) 

Plots of Ids – time for (a) DC condition, gate was biased with 2 V and (b) AC condition, 

gate was biased with peak-to-peak voltage of 4 V at 10 KHz. (c) Plot of ψ – Time for 

both DC and AC condition converted from (a) and (b). (d)-(e) Statistic plots of ψ – pH 

for (d) DC and (e) AC condition, fitted by linear relations. Error bars represent the 

standard deviation. .............................................................................................................35 
 

Figure 3-7. DC and AC sensing results comparison, when six solutions with pH in the range of 7 

– 8 are delivered for one round-cycle (first descending pH, then ascending pH). (a) Plot 

of ψ – time for both DC condition with gate biased with 2 V and AC condition with gate 

biased with peak-to-peak voltage of 4.5 V at 10 KHz. (c)-(d) Statistic plots of ψ – pH for 

(d) DC and (e) AC condition, fitted by linear relations. Error bars represent the standard 

deviation. ............................................................................................................................36 
 

Figure 4-1. (a) Optical image of a MoS2 flake exfoliated on 270 nm SiO2 with highly p-doped Si 

substrate. (b) Optical image of MoS2 FET with source/drain formed by e-beam 

evaporation of 20 nm/130 nm Ti/Au. The channel length is 10 μm. .................................41 
 

Figure 4-2. (a) Schematic of the pH sensing setup with MoS2 FETs, including the fabricated 

devices, fluidic channel, solution gate and electrical connections. (b) Image of 3-D 

printed clamp with PDMS fluidic channel.........................................................................42 
 

Figure 4-3. Device characteristics and real-time pH sensing performance of few-layer MoS2 FET 

with 30 nm HfO2. (a) The transfer characteristics, with left axis shows source-drain 

current Ids and right axis shows gate leakage current Ig. (b) Plot of Ids – time, with a Vgs at 

0 V and a Vds at 0.1 V. Seven 100 mM phosphate buffer solutions with pH from 3.0 to 8.5 

are sequentially delivered for six cycles with each solution flowing for a period of ~ 200 

s. (c) An example of sensor stability, with left axis shows signal noise fluctuation σIds and 

right axis shows coefficient of variation σIds/Ids, mean at the 4th cycle; An example of 



 

xiii 

repeatability, with Ids,mean  of pH 3.9 at each cycles, which demonstrates a coefficient of 

variation of 0.137% over six cycles. (d) Plot of ∆Ids, mean/I0 – pH for six cycles, with I0 

defined by Ids, mean at pH 8.5. Linear fittings are performed for each pH cycles 

individually. Inset graph shows the current sensitivity SI, which is expressed by the slope 

of linear fitting. (e) Plot of ∆ψmean – pH for six cycles, in which ∆ψmean was acquired via 

extrapolating ψ from Ids (Figure 2b) using Ids – Vg relation (Figure 2a). Linear fittings are 

performed for each pH cycles, and the sensitivity Sψ, expressed by the slope of linear 

fitting is shown in the inset graph. .....................................................................................46 
 

Figure 4-4. Device characteristics and pH sensing of few-layer MoS2 FET with 20 nm/20 nm 

Al2O3/HfO2. (a) The transfer characteristics with Ids – Vg and Ig – Vg. (b) Plot of Ids - Vg in 

seven different phosphate buffer solutions with pH from 3 to 8.5, with left axis shows 

logarithm scale and right axis shows linear scale. (c) Comparison of pH sensing in 

subthreshold region (Vg = -2 V) and linear region (Vg = 0 V). Top left graph shows ∆Ids/I0 

– pH, with I0 defined by Ids at pH 8.5, which are fitted by exponential and linear curves 

for subthreshold and linear regions respectively. Top right graph shows their current 

sensitivity SI. Bottom left graph shows extracted ∆ψ – pH, fitted by linear curves for both 

regions. Bottom right graph shows the corresponding sensitivity Sψ. ...............................48 
 

Figure 4-5. Real-time pH sensing performance of few-layer MoS2 FET with 20 nm/20 nm 

Al2O3/HfO2. (a) Plot of Ids – time, with a Vgs at -2 V (subthreshold region) and a Vds at 0.1 

V. Seven 100 mM phosphate buffer solutions with pH from 3.0 to 8.5 are sequentially 

delivered for six cycles with each solution flow ~ 100 s. (b) An example of sensor 

stability, with left axis shows signal noise fluctuation σIds and right axis shows coefficient 

of variation σIds/Ids, mean at 4th cycle; An example of repeatability, with Ids,mean  of pH 3.9 at 

each cycles, which demonstrates a coefficient of variation of 7.5% over six cycles. (c) 

Plot of ∆Ids, mean/I0 – pH for six cycles, with I0 defined by Ids, mean at pH 8.5. Results of 

each pH cycles are fitted through exponential relations and the overall current sensitivity 

SI is shown in the inset graph. (d) Plot of ∆ψmean – pH for six cycles. Linear fittings of 

each pH cycles result in the sensitivity Sψ in the inset graph. ............................................50 
 

Figure 4-6. Real-time pH sensing performance of MoS2 FET with 20 nm/20 nm Al2O3/HfO2 in 

extended pH range. (a) Plot of Ids – time when four 100 mM phosphate buffer solutions 

with pH from 7.8 to 11.6 are delivered for two cycles with each solution flows ~ 100 s. 

The device is biased with a  Vgs of -2 V (subthreshold region) and a Vds of 0.1 V. (b) Plot 

of ∆Ids, mean/I0 – pH for two cycles, with I0 defined by Ids, mean at pH 11.6, which are fitted 

by exponential curves. The current sensitivity SI is shown in the inset graph. (c) Plot of 

∆ψmean – pH for two cycles, which are fitted by linear curves. The surface potential 

sensitivity Sψ is shown in the inset graph. ..........................................................................51 
 

Figure 4-7. (a) Plot of Ids – time when five 10 mM phosphate buffer solutions with pH from 7.5 

to 7.9 are delivered for two cycles with each period ~ 100 s. The device is biased with a  

Vgs of -2 V (subthreshold region) and a Vds of 0.1 V. (b) Plot of signal noise σIds, 



 

xiv 

represented by the SD of Ids  at each pH stage. (c) Plot of limit of detection, obtained 

when signal (∆Ids, mean/∆pH) to noise (σIds) ratio equals three. ...........................................52 
 

Figure 5-1. Cubic perovskite crystal structure. For organic-inorganic hybrid perovskite, the large 

cation A is usually the methylammonium ion (CH3NH3), the small cation B is Pb and the 

anion X is a halogen ion (I, Cl or Br). Reprinted by permission from Springer 

Nature[Nature Photonics] [66], [copyright] (2014). ..........................................................57 
 

Figure 5-2. Schematic of nanoimprint lithography patterning scheme and step &step variant, 

including (1) thermal nanoimprint lithography and step and stamp imprint lithography 

and (2) UV-nanoimprint lithography and stamp & flash imprint lithography. Reprinted by 

permission from: AIP Publishing [Journal of Vacuum Science & Technology B] [91], 

copyright [2008], American Vacuum Society. ..................................................................58 
 

Figure 6-1. Solvent engineering procedures to prepare the uniform and dense perovskite film. 

Reprinted by permission from Springer Nature [Nature Materials] [124], [copyright] 

(2014). ................................................................................................................................67 
 

Figure 6-2. SEM (a) top surface and (b) cross-section images of perovskite film prepared by 

modified solvent engineering method. ...............................................................................67 
 

Figure 6-3. Schematic of NIL process with (a) Si flat mold, (b) Si nano-pillar mold, and (c) Si 

nanograting mold. ..............................................................................................................68 
 

Figure 6-4. SEM images of perovskite film imprinted with (a) a nanohole mold and (b) a nano-

grating mold. The inset shows the cross-section view. ......................................................69 
 

Figure 6-5. (a) X-ray diffraction of MAPbI3 non-imprinted film and nano-imprinted film using a 

nanograting mold over an area of 1 cm2. (b) The narrower reflection at (220) hkl 

reflection after NIL indicates the increased crystallinity. (Corresponding to 28.9° in XRD 

spectrum)............................................................................................................................70 
 

Figure 6-6. (a) UV-Vis transmission and (b) reflectance spectra of non-imprinted, flat-imprinted, 

nanohole and nanograting MAPbI3 films. (c) Optical image of the imprinted perovskite 

nanohole sample showing greenish iridescence. ...............................................................71 
 

Figure 6-7. (a) Steady-state photoluminescence and (b) time-resolved photoluminescence of 

MAPbI3 thin film, nanogratings and nanoholes. ................................................................72 
 

Figure 6-8. 3-D schematic of (a) tf-PSPD, (b) flat-PSPD, (c) nanohole-PSPD and (d) 

nanograting-PSPD..............................................................................................................73 
 



 

xv 

Figure 6-9. (a) Schematic illustration of the photoelectrical test structure with a nanograting-

PSPD, (b) – (c) I-V characteristics of (a) a nanograting-PSPD and (b) a tf-PSPD with 

0.11 mW/cm2 to 7.27 mW/cm2 halogen light illumination. ..............................................74 
 

Figure 6-10. (a) Current versus irradiance plot of nanograting-PSPD with same voltage bias. (b) 

Temporal current characteristics PSPD of nanograting-PSPD at 7.27mW/cm2 halogen 

light illumination with a bias voltage of 1 V. The light was switched on and off for 10 

cycles for repeatability test. ...............................................................................................75 
 

Figure 6-11. (a) I-V characteristic comparison of tf-PSPD, flat-PSPD, nanohole-PSPD and 

nanograting PSPD at 7.27 mW/cm2 halogen light illumination in logarithmic scale. The 

inset shows the same curves in linear scale. (b) Current distribution of all four types of 

devices under 7.27 mW/cm2 halogen light illumination with a bias voltage of 1V. The 

mean values with standard deviation are indicated in the plot for each type. ...................76 
 

Figure 6-12. Performance comparison between tf-PSPDs with 10 minutes thermal annealing and 

30 minutes thermal annealing of (a) photocurrent under 7.27 mW/cm2 halogen light 

illumination, (b) dark current and (c) on/off ratio. 10 devices were tested for each 

condition with a bias voltage of 1 V. .................................................................................78 
 

Figure 6-13. Plot of photodetector current vs irradiance at (a) =466 nm and (b) =635 nm. The 

irradiance was evaluated with the Si photodiode, which has a responsivity of 0.12 A/W at 

=466 nm and 0.3 A/W at =635 nm. The lowest irradiance was chosen to be the three 

sigma value of the Si photodetector dark current distribution. ..........................................80 
 

Figure 6-14. Irradiance dependent responsivity plot at (a) =466 nm and (b) =635 nm. Red 

curve represents the nanograting-PSPD and blue curve represents the tf-PSPD. The right 

Y-axis illustrates the relative responsivity normalized to the Si photodiode. Both 

perovskite photodetectors were biased at 1 V, while the Si photodiode was reverse biased 

at 10 V. ...............................................................................................................................81 
 

Figure 7-1. Surface morphology and optical absorption properties of MAPbI3 thin film and NIL 

metasurface. SEM images of surface morphology of (a) perovskite thin film and (b) NIL 

perovskite nanograting metasurface. (c) Transmittance, (d) reflectance and (e) calculated 

absorption spectra of perovskite reference thin film and NIL nanograting metasurface. (f) 

Plot of (αhν)2 versus hν for direct transitions in MAPbI3 thin film and metasurface, where 

α is absorption coefficient and hν is photon energy. The perovskite optical bandgap Eg is 

obtained by extrapolation to (αhν)2 = 0. .............................................................................86 
 

Figure 7-2. (a) Schematic and numerical simulations of MAPbI3 nanograting metasurface. (a) 

Schematic structure cross-section with an optimal geometry. The corresponding 

simulated results of (b) optical transmission spectrum and (c) electrical field distribution 

for the highest-Q mode Bs. ................................................................................................88 
 



 

xvi 

Figure 7-3. SEM graph of (a) a Si nanograting mold, with structure width, period and depth of 

140 nm, 350 nm and 240 nm, respectively and (b) nanoimprinted perovskite with 

negative replication of (a). .................................................................................................89 
 

Figure 7-4. Steady-state PL spectra of perovskite thin film (thickness 265 nm) and NIL 

nanograting metasurface with a trench width of 105 nm (red) and 125 nm (blue), a 

periodicity of 350 nm and a depth around 100 nm with a residue thickness of 200 nm, 

pumped with a laser power of 0.3 mW at room temperature. ............................................91 
 

Figure 7-5. Temperature-dependent PL characteristics of MAPbI3 reference thin film and NIL 

nanograting metasurface with a trench width of 125 nm. PL spectra of (a) thin film and 

(b) NIL nanograting metasurface with a temperature ranging from 300 K to 100 K, 

pumped with a power of 0.2 mW. Plots of (c) PL intensity versus temperature and (d) PL 

peak wavelength versus temperature for both reference thin film and NIL nanograting 

metasurface. (e) Power-dependent PL spectra of NIL nanograting metasurface at a 

temperature of 100 K. ........................................................................................................93 
 

Figure 8-1. (a) Photograph The schematic of process to create PDMS mold with negative 

replication of rose petal structures. ....................................................................................99 
 

Figure 8-2. The schematic imprint process of with PDMS mold to create positive replica of rose 

structures. ...........................................................................................................................99 
 

Figure 8-3. SEM micrographs of rose petal surface morphology. (a) Rose hierarchical structure 

with micropapillaes and cuticular nanofoldings; inset shows nanofolding structures with 

higher magnification. (b) Rose with only micropapillae structures; inset shows high 

aspect ratio micropapillaes with tilted view at 45o. (c) - (d) Rosoideae rosa hierarchical 

structure with (c) yellow and (d) pink color respectively. ...............................................101 
 

Figure 8-4. SEM and photographs of the synthesized PDMS replicas. (a) SEM micrographs of 

PDMS negative replica showing micro-concave cells with nanofoldings; inset shows 

nanofolding structures at higher magnification. Photographs of (b) a PDMS/rose 

assembly before curing, (c) a cured PDMS/rose assembly and (d) a final PDMS mold 

after rose petals removed by piranha clean. Photographs of water droplets on a PDMS 

surface (e) without structures, showing a contact angle of 112 o and (f) with negative 

replicated rose structures, showing a contact angle of 150 o. ..........................................103 
 

Figure 8-5. (a) – (b) SEM micrographs of imprinted photoresist positive replicas of rose 

hierarchical structures in Figure 8-3(a) and Figure 8-3(c) respectively. The uniform 

micropapillaes with nanofoldings are positive replication of rose surface structures. The 

inset shows nanofolding structures at higher magnification. (c) – (d) Photographs of 

water droplets on photoresist positive replica surface of (a), showing a contact angle of 

150 o, and (b), showing a contact angle of 120 o..............................................................105 
 



 

xvii 

Figure 8-6. Optoelectronic characteristics of Si photodetectors with replicated rose structures and 

reference flat device. (a) Logarithm I-V plot of Si photodiodes under reverse junction 

bias tested in the dark and under halogen light illumination conditions (0.05 μW/cm2 to 

530 μW/cm2). The solid line represents the photodiode with photoresist rose replica while 

the dashed line represents the reference device without structures. (b) Plot of 

photodetector illuminated current versus irradiance (left Y-axis), and calculated 

photodetector relative responsivity versus irradiance (right Y-axis). The photodetector 

responsivity improved ~ 35% to 42% by incorporating replicated rose structures. The 

error bars represent standard deviation in multiple tests. ................................................107 

 

  



 

xviii 

LIST OF TABLES 

Table 3-1 Stability and repeatability comparison of DC and AC sensing .....................................33 
 

Table 6-1 Performance and geometry comparison of tf-PSPD, flat-PSPD, nanohole-PSPD and 

nanograting-PSPD devices.................................................................................................77 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

1 

CHAPTER 1 

INTRODUCTION TO NANOSCALE FIELD-EFFECT TRANSISTOR-BASED 

BIOSENSOR 

Chapter 1 introduces the background and research progress of nanoscale field-effect transistor 

(FET)-based biosensors, and our motivation to study Si nanowire and MoS2 field-effect transistor-

based biosensors. This chapter is arranged in the following order: 1) Field-effect transistor-based 

biosensor 2) Nanoscale FET biosensor including Si NW 1D and MoS2 2D FETs; 3) Challenges 

and motivations. 

1.1 Field-Effect Transistor-Based Biosensor 

     A biosensor is an analytic device that could be used to detect biological analytes such as protein, 

DNA and enzyme, thus have great importance in medical diagnosis, homeland security and 

environment monitoring etc. A biosensor includes a biological sensitive element that could interact 

with the target analyte, a transducer that transforms the biological interaction signal into another 

signal that’s quantifiable, and an element to display the result. Based on the working principle, 

biosensors could be classified into a variety of categories including optical, electrochemical and 

piezoelectric etc. Currently dominating sensing technique is based on optical detection such as 

color and fluorescence. One of the most successful optical biosensing application in medical 

diagnostics is enzyme-linked immunosorbent assay (ELISA), which is used to detect protein or 

DNA in a liquid sample with antibodies. Although highly sensitive and selective detection for 

multiple analytes has been achieved, ELISA requires complex and time-consuming sample 

preparation procedures, and expensive and bulky test equipment. Some other successful biosensor 

applications include gas and glucose sensors, in which current is generated based on chemical 
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reaction of analytes with sensing electrodes. However, these sensors are limited by sensitivity, 

selectively and accuracy. Over the years, the biosensor community has been pushing for ultrahigh 

resolution and low cost, heading towards single molecule detection of protein and DNA etc. For 

instance, further development from traditional ELISA has led to single-molecule arrays (SIMOA) 

digital ELISA, which is capable of ultrasensitive multiplexed detection. Meanwhile, microfluidics 

has been developed to automate and greatly reduce reagent amount for cost reduction.   

     For the past decades, the rapid development of semiconductor industry based on the invention 

of field-effect transistors (FETs) and integrated circuits has caused wide influence on almost every 

scientific fields. Therefore, there is a strong motivation in the research fields to explore the use of 

the FET for biosensing applications based on the mechanism of field effect electronic sensing. The 

idea of using FETs as biochemical sensor was first developed by Bergveld in 1970s, known as ion-

sensitive field-effect transistor (ISFET) [1]. The structure of ISFET is based on well-developed 

metal-oxide-semiconductor field-effect transistor (MOSFET), while the metal gate is replaced by 

solution with a reference electrode (solution gate). Figure 1-1 illustrates the schematic principles 

of a MOSFET and ISFET. Both are three terminal devices, which operate by setting a gate-to-

source voltage and drain-to-source voltage. Based on the terminal bias conditions, the devices 

could operate in several different regimes – subthreshold, linear and saturation. With a constant 

drain-to-source voltage, the output of source-drain current is determined by the gate potential, 

owing to its effect on the channel Fermi level and thus charge carrier distribution. For an ISFET, 

when we fix the voltage bias of the solution gate, the ions such as H+ in the bulk solution could 

largely impact the output current, due to the protonation and deprotonation of gate dielectric 

surface hydroxyl (OH) groups. In an acidic electrolyte environment, OH group tends to protonate 
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into OH+, and the positive surface charge causes increase of effective channel surface potential 

and thus increased source-drain current in a n-type FET (reduced source-drain current in p-type 

FET). In a basic electrolyte environment, on the contrary, deprotonation of OH group produce O- 

– a negative surface charge that reduce the channel surface potential, contributing to the decrease 

of the source-drain current. Therefore, the solution pH is converted into electrical signal through 

the FET transducer. Apart from pH sensing, the concept of ISFET also applies to enzyme detection 

(ENFET), in which the proton (H+) density change during reaction of enzyme with target analyte 

is quantified into an electrical signal. The ISFET-based DNA sequencing, similarly, converts 

proton density change upon DNA polymerization reactions to the source-drain current signal [2].  

 

Figure 1-1. A schematic comparison of conventional MOSFET and ISFET.  

  

     Field-effect transistor-based biosensors (Bio-FETs), which are further derived from ISFET, are 

usually formed by modifying the gate surface with sensing receptors to recognize specific 

biological analytes, such as protein, DNA, and virus etc. A schematic of Bio-FET is illustrated in 

Figure 1-2. The sensing receptor is immobilized onto the sensor surface (e.g. gate dielectric) via a 

linker molecule such as self-assembled monolayer (SAM). A variety of sensing receptors includes 

DNA, antibody, enzyme, peptide etc. During sensing, the mass transportation of biological target 
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in sample solution leads to selective and specific binding of the target analytes to receptors (e.g. 

antibody-antigen). The charge carried by the biological targets that bonded to the receptors thus 

modulates the channel charge carrier density and consequently the source-drain current [3]. In a 

p-type FET, when positively charged target binds to the receptor, holes will be depleted causing a 

current decrease. When negative charged target binds to the receptor, holes will be accumulated 

causing a current increase. The net charge of the biological targets depends on its isoelectric point 

(PI) and the pH value of the buffer solution – positive in buffer solution with pH < PI while 

negative in buffer solution with pH > PI. The detection of electron charge eliminates the molecular 

labeling procedure, i.e. tagging a dye molecule to the analyte – which are inevitable in most optical 

detection. Therefore, Bio-FET enables real-time and label-free sensing which can be more 

favorable than the popular optical biosensors. In addition, the Bio-FET holds the advantages of 

low-cost, small size, and ease of integration, ascribed to the highly matured semiconductor CMOS 

IC technology. 
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Figure 1-2. Schematic of bio-FETs and its working principle. (a) Cross-section of SiNW FET 

biosensor. Binding of charged molecules would cause change of source drain current. (b) 

Mechanism of channel current modulation in a p-type biosensor. When positive charged targets 

bind to the receptors, holes will be depleted causing a decrease of current. When negative charged 

targets bind to the receptors, holes will be accumulated causing an increase of current. Reprinted 

by permission from IEEE [IEEE Transactions on Nanotechnology] [3], copyright © 2008 IEEE. 

1.2 Nanoscale FET Biosensor 

     Recently, nanoscale FET biosensors have attracted tremendous research interest as 

conventional planar Bio-FETs suffer from sensitivity limitation for detection of low concentration 

biomolecules [4, 5]. The nanoscale Bio-FETs use nanostructured sensing elements with size 

comparable to the biological species (as shown in Figure 1-3 [3]) [6, 7] enable high sensitivity 

while still inherits the advantages of real-time, label-free and direct electrical detection. The effects 

of channel geometry on the charge sensitivity, which is defined as relative conductance change per 

biological analyte concentration change, has been investigated by both simulation [8-10] and 

experiments [11, 12]. Generally, the down-scaling of FETs dimensions boost up the sensor 

sensitivity. The reason is ascribed to the large surface to volume ratio [13] as the effective channel 

conductance modulation introduced by charged molecular binding is significantly strong in ultra-

scaled FETs [7, 14]. Therefore, the nanoscale Bio-FETs based on one-dimensional (1D)/quasi 1D 

or two-dimensional (2D)/quasi 2D channel structures are promising for ultra-high sensitive 

biological detection [15]. Among them, majority attention has been paid on the Si nanowires 

(NWs) [12, 15-17] and carbon nanotubes (CNTs) [18, 19] for 1D structures, and graphene[20] and 

transition metal dichalcogenide (e.g. MoS2) [21, 22] for 2D structures. 
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Figure 1-3. Size comparison of nanostructures with the biological species such as protein, DNA 

and virus. Reprinted by permission from IEEE [IEEE Transactions on Nanotechnology] [3], 

copyright © 2008 IEEE. 

 

 

1.2.1 Si NW 1D FET Biosensor 

     Silicon NWs and carbon nanotubes are mostly researched 1D structures for Bio-FETs. The NW 

FET biosensor was first demonstrated by Cui et. al. in 2001, based on CVD grown Si nanowires, 

which shows a linear pH response in the range of 2 – 9 and streptavidin detection down to 

picomolar [15]. Since then, detection of various biological species including protein, DNA and 

virus have been reported with the limit of detection down to femtomolar for Si NW [23]. 

Meanwhile, biosensing with carbon nanotube FET for detection of proteins, DNA and enzyme 

have been demonstrated [24, 25]. Particularly, Sorgenfrei et. al. achieved single molecule detection 

of DNA based on CNT FET [25]. Despite CNTs offer excellent properties in carrier transport, 

mechanical strength and chemical stability [26], the fabrication and integration are challenging 

which restricted their future biosensing applications [3, 27]. Silicon NWs, on the other hand, have 

become promising building blocks for biosensing technique due to its excellent compatibility with 
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mature IC manufacturing processes [28]. Both “bottom up” [23] and “top down” [12, 17] 

approaches have achieved great progress over the years for fabrication of silicon NW biosensor. 

“Bottom up” method via CVD growth produces high surface quality of NWs [29, 30], yet it suffers 

from reproductive issues due to randomness in NWs growth and hybrid process of transfer and 

assembly of CVD NWs [28, 31]. “Top down” method, in which NWs are defined by lithographic 

technique, are advantageous in control of NW geometry and properties [12, 32, 33]. While 

electron-beam lithography is favorably used to define NWs in most of the university research [34, 

35], the NW FETs biosensors could be mass manufactured by industry processes with the state-

of-art photo-lithography technique. This is highly desirable to develop a low-cost and high-

reliability platform for ultra-sensitive biosensing. 

    Figure 1-4 shows the schematic illustration of surface charge interaction on a wire. The surface 

charge influence the wire electrostatically by a distance of Debye screening length. When the wire 

diameter shrinks, the surface-to-volume ratio increases and the influence of surface charge extends 

from only wire surface (micrometer wire) to both surface and interior (nanometer wire). The 

modification of channel conduction by surface charge particles are dramatically increased. 

Therefore, nanowires are capable of ultra-sensitive detection. The sensitivity dependence on wire 

dimension has been simulated by Yang et. al. [10] and Elfstrom et. al. [11], and optimum results 

is reached when nanowire diameter is smaller than the Si Debye screening length. The Debye 

screening length is dependent on the doping concentration, which is expected to be sufficiently 

low for ultra-low concentration detection [8, 15]. Moreover, when the wire diameter shrinks 

further into 1D structure, NW energy are quantized into discrete levels and electron quantum 
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transport dominates. The carrier mobility may dramatically increase with surface scattering largely 

decreased [36, 37].  

 

Figure 1-4. A schematic to illustrate the influence of surface interaction on wire conduction. In 

microscale wire, surface charge only affects the conduction near the top surface. In nanoscale wire, 

the influence from the surface charge extends into the interior of wire. Reprinted by permission 

from MDPI [Sensors] [14], copyright (2008).  

 

1.2.2 MoS2 2D FET Biosensors 

     Two-dimensional (2D) structure is also investigated as a potential alternative for ultra-sensitive 

and low-cost biosensing applications. Similar to 1D structure, 2D structure could also offer 

ultimate electrostatic control – the surface charge could affect the conduction of entire channel 

which consists atomically thin layers [38]. Graphene, as the mostly studied 2D material, has 

remarkable electron and hole mobility with theoretical value up to 200,000 cm2/(V s) at room 

temperature [20]. Despite the pH and protein sensing have been reported with graphene FET 

biosensors, the biosensing sensitivity are limited [39]. This is attributed to the nature of lack of 

band gap, which result in poor subthreshold slope and thus low sensitivity in subthreshold regime. 
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This ultimately limits the development of graphene in biosensing applications. Recently, transition 

metal dichalcogenides (TMDs) based 2D materials have emerged as promising candidates for 

electronic applications [38]. Unlike graphene, TMD materials such as molybdenum disulfide 

(MoS2) have desirable semiconducting properties – a suitable band gap energy between 1.2 – 1.9 

eV [40] depending on the number of the stacking layers and a theoretical mobility value up to 

1,000 cm2/(V s) in monolayer at room temperature [41], thus fundamentally allows high sensitivity 

for biosensing. Meanwhile, the 2-D structure with interlayers weakly bonded by van der Waals 

force allows the TMD materials to potentially have a pristine surface without dangling bonds, 

consequently reducing the scattering caused by surface roughness or interface traps. This is 

essential for reducing the flicker noise, which is one of the limiting factors of nanoscale FET 

biosensors especially for applications requiring low-concentration detection [42].  

     The field-effect transistor-based biosensing using few-layer MoS2 as channel structure formed 

by mechanical exfoliation are firstly demonstrated in 2014. PH sensing [43] and protein sensing 

[43-45] have been reported utilizing HfO2 as gate dielectric layer. In particular, Sarkar et al. 

demonstrated successful detection of streptavidin of 100 femtomolar in device subthreshold 

regime [43]. Sensing based on direct functionalization of MoS2 channel without dielectric 

insulating layer are also reported [46-48]. Literature has attributed the sensing mechanisms of such 

structures to potential disorders induced by biological analytes, which affected channel carrier 

scattering and localization probabilities [48]. Besides MoS2, FET biosensors based on other TMD 

materials such as WSe2 have also been demonstrated [49]. 
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1.3 Challenges and Motivations  

      Future biosensors for high-demanding applications such as disease diagnosis are expected to 

have features like low cost, high sensitivity, high selectivity, high stability, large signal to noise 

ratio (SNR), and large scalability for multiplexed sensing. This drives the continuous research and 

development on nanoscale FET biosensors. This dissertation focuses on the Si NW and MoS2 

based FET biosensors, for improvement of sensitivity, stability and signal to noise ratio via 

optimization of device structure and electrical test setup. 

     Although high-sensitive detection of variety of biological species have been reported with Si 

NW FETs since 2001, there are a few challenges such as noise and instability that limit further 

extension of the limit of detection (LOD). The noise in biosensing comes from several aspects – 

environments, biological (i.e. analyte binding/unbinding events), and device/circuit. The device 

noise should be minimized to ensure higher SNR. However, despite the dramatically enhanced 

device sensitivity, Si NW has been criticized for the increased flicker (1/f) noise, which dominates 

the intrinsic noise. The 1/f noise, has a relationship with channel dimension by [50] 

S𝑣𝑔 =
𝑒2𝑁𝑜𝑡

𝑊𝑒𝑓𝑓𝐿𝐶𝑜𝑥
2𝑓

                                                            (1.1) 

Where e represents the elementary charge, Not represents the trap state density per area, Weff and 

L represents the effective channel width and length respectively, and Cox represents the oxide 

capacitance. “Top down” method, particularly, are subject to worse SNR due to interface defects 

induced by dry etching process [28, 51]. Therefore, enhancing Si NW bio-FET sensitivity while 

reducing the noise has crucial importance. The instability in biosensing comes from a variety of 

aspects such as FET device, biological elements (e.g. hydrolysis), and electrolyte solution (e.g. 
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potential drifting). Particularly, ion penetration into device dielectric may cause serious drifting of 

FET conductance, resulting in long-term stability issue.  

     Currently, most of the biosensing tests are based on the direct current (DC) environment, while 

AC could be promising to improve SNR ascribed to the inversely relation of 1/f noise to the 

frequency. Previously, AC is reported to be capable of suppressing the biomolecule Debye 

screening [52] and unspecific binding [53]. However, to our best knowledge, the AC sensing 

response of Si NW FETs has not been reported yet. In chapter 2, pH sensing with source/drain AC 

biasing will be investigated based on fabricated high-performance Si NW FETs sensing platform. 

The sensitivity frequency dependence is studied and improved sensitivity is achieved at optimized 

frequency. In chapter 3, pH sensing will be investigated based on with AC biasing of solution gate 

for Si NW FETs. Improved stability, repeatability and sensing accuracy will be demonstrated.  

     The research of MoS2 FET biosensors are still at its early stage and currently reported works 

mainly focused on the improving sensitivity and studying surface chemistry. In addition, most of 

the works are based on characterization of transfer curves instead of real-time current monitoring, 

thus are not suitable for a lot of practical applications, such as pH-based DNA sequencing, when 

proton released from DNA polymerization reaction only involves in tens of milliseconds. The 

sensing properties such as stability, selectivity and SNR are far under-investigated. In chapter 4, 

highly-stable and repeatable real-time pH sensing will be demonstrated for MoS2 FETs biosensors. 

Different gate dielectric materials are studied for MoS2 FETs. Long-term stability with LOD 

comparable to high-end commercial Si ISFET pH sensors are demonstrated. 
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CHAPTER 2 

SI NW FET PH SENSING WITH AC FOR IMPROVED SENSITIVITY 

     This chapter demonstrates pH sensing with source/drain alternating current (AC) bias on field-

effect transistors (FETs) for improved sensitivity. Si nanowire (NW) FETs were fabricated based 

on lithographic process. The device channel is 100 NWs (nanograting), defined by electron-beam 

lithography and plasma etching. The device was electrically characterized which shows excellent 

performance. Then the device gate dielectric surface was modified with (3-aminopropyl) 

dimethylethoxysilane (APDMES) for pH sensing. AC was applied to the source/drain and the 

sensor was tested under a wide range of frequency (1 Hz to 1 MHz). The pH sensitivity improved 

by two to eight fold at frequency from 100 Hz to 100 KHz. A semi-analytic model was developed 

to analyze the sensitivity dependence on frequency and the maximum improvement was found at 

the circuit cut-off frequency.   

     The contents are adapted with permission from a published article “Alternating Current 

Approach on Si Nanograting FETs for pH Sensitivity Improvement” (Nanotechnology, 2014 

IEEE 14th International Conference on, pp. 578 – 581, 2014,[54] Copyright © 2014 IEEE). The 

authors are Honglei Wang, Yuchen Liang, Pengyuan Zang, Chadwin D. Young and Walter Hu. 

Honglei Wang contributed to the experimental design, device fabrication, electrical and sensing 

measurements, data analysis and manuscript writing. Yuchen Liang contributed to the surface 

modification of APDMES and device fabrication. Pengyuan Zang contributed to the E-beam 

lithography to pattern NWs. Dr. Young provided suggestions on experimental design and 

manuscript writing. Dr. Hu provided advisory guidance on experiment design, device fabrication, 

data analysis and manuscript writing. 
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2.1 Introduction 

     Direct current (DC) biasing has been widely used for research of biosensor with time-dependent 

sensing tests [12, 15, 55], while limited attention had been paid to the alternating current (AC) 

approach [52] [53]. It has been reported that the application of AC was capable of suppressing the 

ion screening [52] and the unspecific binding [53] in biomolecule detections. Furthermore, it is 

possible to improve the signal to noise ratio (SNR) with AC, which is important in the ultra-

sensitive detections. By utilizing the ultra-high frequency, Kulkarni et al have reached improved 

sensitivity of protein detection in high salt environment with carbon nanotube [52]. Yet to our best 

knowledge, the AC sensing response of Si NW FETs has not been reported.  

     In this study, we present the AC-improved pH-sensing results of Si nanowire FETs, which have 

100 nanowires, modified with (3-aminopropyl) dimethylethoxysilane (APDMES). Our previous 

study has suggested modifying the SiO2 (gate dielectric) surface with monolayer SAM (e.g. 

APTES) would greatly improve the linearity of pH sensitivity compared with bare SiO2 surface 

[55].  The existence of −NH2 group at the APDMES surface and −SiOH group at the gate dielectric 

SiO2 surface contributed to a linear current response in an amphoteric pH range. Protonation of 

−NH2 into −NH3
+ or deprotonation of −SiOH into −SiO− would change the effective surface 

potential which result in channel conductance change. 

2.2 Si NW FETs Fabrication and Characterization 

2.2.1 Fabrication of Si NW FETs 

     The fabrication of Si NW FET biosensor was based on the process developed in [16]. The 

devices are fabricated in wafer-scale with 25 dies and each die including 33 Si NW FETs. We start 
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with SOI wafer with 145 nm of buried oxide layer and 70 nm of top Si layer. The top Si are p-type 

doped with 1015 cm-3 Boron. The wafer was first cleaned with RCA and then went through the 1st 

photo-lithography step which defines the active device area. S1813 was used as photoresist as well 

as the following dry etching mask. Inductively Coupled Plasma (ICP) was used with chlorine (Cl2 

50, bias power 50 W, RF power 150 W) to etch away the top Si layer which isolated the active 

devices formed later. The wafer went through RCA clean again and then 200 nm low-temperature-

oxide was deposited on wafer. A 2nd photo-lithography step with S1813 and buffered oxide etch 

(BOE) opened the source/drain area. The remaining oxide served as the implant mask when wafer 

was then implanted with Phosphors (dose 5.1e14, acceleration voltage 15 KeV) to form highly 

doped source/drain junctions. Rapid thermal annealing (RTA) was used to activate the dopants 

and anneal the implant damage. A 3rd photo-lithography step was used with S1813 and followed 

by chrome deposition and lift-off to form 100 nm chrome layer excluding the channel area. This 

chrome layer served as the mask for the following electron-beam lithography (EBL) and plasma 

etching process, and also greatly reduced electron charging during E-beam patterning. Hydrogen 

Silsesquioxane (HSQ) (Dow Corning Co. XR1541 2%) was used as the E-beam resist to pattern 

the Si NW channels on Raith 150-Two EBL tool (30 KeV, 30 um aperture). The development 

process utilized 20 wt % tetramethyl-ammonium-hydroxide (TMAH) for 60s at 38 oC. Chlorine 

ICP etching (Cl2 50, bias power 50W, RF power 150W) was used to transfer the pattern to Si with 

exposed HSQ nanowires and chrome as etch mask. To avoid damaging of the buried oxide and 

floating of silicon nanowires, a 2-step etching process was used. The first ICP step etches ~ 30 nm 

of Si and then HSQ was stripped with buffered oxide etch, followed by another ICP etch that stops 

at the buried oxide layer. The chrome layer was then stripped with chrome etchant (CR-7S). The 
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wafer was cleaned with RCA again and HF dipped before oxidation process in O2 ambient. 3 nm 

thermal oxidation formed on the Si nanowires functions as the gate dielectric layer. The 4th photo-

lithography step and following process forms the contact pads with ohmic contact to source/drain. 

Using S1813 as photoresist and buffered oxide etch, LTO was removed on contact region. Nickel 

and titanium nitride were then sputtered on wafer and lifted off. A rapid thermal annealing at 300 

oC forms nickel silicide with Ni2Si phase. After removing unreacted nickel and titanium nitride 

with Piranha (75% sulfuric acid and 25% hydrogen peroxide), the wafer was put back into RTA 

at 450 oC to form the nickel silicide phase with lower resistivity - NiSi. The 5th photo-lithography 

step provides passivation of the Si NW FET. SPR 220-7 was used as photoresist and 300 nm Si3N4 

was sputtered on wafer and lifted off, which reveals only the channel and contact pads for electrical 

probing. The Si3N4 has been proven to be able to effectively block ion diffusion and insulate the 

device from buffer solution [16].  Finally, the forming gas anneal was done at 400 oC to passivate 

the Si-SiO2 interface defects and improve the source/drain contacts. Figure 2-1(a) and (b) show an 

optical image of as-fabricated Si NWFET and an electron micrograph of the nanograting channel, 

which has 100 NWs with a length of ~ 25 µm, a width of ~ 50 nm and a height of ~ 30 nm. 100 

NWs, compared with single NW, result in better uniformity by reducing the effect of discrete 

dopant fluctuation, which is the dominant factor for NW FET performance variation [16].  

 

Figure 2-1. (a) Optical and (b) electron micrograph of a typical Si NWFET biosensor device. 
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2.2.2 Device Characterization 

     Figure 2-2 shows an example of the transfer characteristics of as-fabricated Si 100 NW FET. 

The device was tested in deionized water and an Ag/AgCl electrode was used for gate bias. The 

device shows a threshold voltage of ~ 1V, off current of ~1E-13 A and drive current of ~1E-6 A 

with a 7-order on/off ratio. The device shows an SS of ~ 70 mV/dec, which suggested good 

interface quality. The clockwise hysteresis suggested presence of some electron traps. Other 

devices had similar performance and are not shown here.  

 

Figure 2-2. Transfer characteristics of a Si 100 NW FET device. 

 

2.3 Experimental of AC pH Sensing with Si NW FETs 

2.3.1 Surface Functionalization with SAMs 

     In this study, the chips were first soaked in Piranha for 30 mins before (3-aminopropyl) 

dimethylethoxysilane (APDMES) deposition. Then 2% APDMES was prepared with anhydrous 
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ethanol (95%) and soaked in ultrasonic bath for 1 minute to ensure homogenous distribution. Then 

the Si NWFETs surface was modified with APDMES solution at room temperature for 30 minutes. 

After deposition, the chips were rinsed with anhydrous ethanol (4×) and isopropyl alcohol (1×) to 

remove physisorbed APDMES molecules and blown dry with nitrogen. The devices were dried in 

a vacuum oven at 120℃ for 1 hour which accelerates the APDMES molecules cross-linking. 

Finally, the chips were soaked in deionized water for 12 hours which could improve the stability 

for pH sensing [55]. 

2.3.2 PH Sensing Setup with Source/drain AC-bias 

     As shown in Figure 2-3(a), a clamp was made by 3-D printing and the contact of device channel 

surface with buffer solutions was defined by polydimethylsiloxane (PDMS). An Ag/AgCl 

electrode was mounted in the clamp which would function as the solution gate. The buffer 

solutions were delivered through the inlet with pressure provided by nitrogen gas cylinder. The 

chip probing contact pads extended from Si NWFET source/drain are exposed in air which allows 

device electrical measurements. 

     Figure 2-3(b) illustrates the 2-D schematic of the AC pH sensing tests with Si NWFETs, 

including the cross-sections of fabricated Si NWFET, surface molecules, fluid channel and 

solution gate. To perform the measurements, a constant voltage was applied to the solution gate 

by Keithley 4200-SCS, while an AC along with a DC offset was generated by a wavefunction 

generator (Tektronix CFG250) and fed to the source. A 1 MΩ resistor load was placed in series 

between the drain of Si NWFETs and the ground. The generated voltage Vs and drain voltage 

response Vd were simultaneously recorded by a digital oscilloscope (Lecroy WaveRunner 640Zi). 
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Figure 2-3. (a) 3-D printed clamp for pH sensing tests. (b) 2-D schematic illustration of pH sensing 

setup with Si NWFETs. 

 

     Potassium phosphate buffer solutions with seven pH values ranging from 2.73 to 8.35 were 

prepared by mixture of H3PO4, KH2PO4, K2HPO4, KCl and deionized water and varying their 

volume ratios. The resulting buffer solutions contains 10 mM phosphate group and 100 mM K+, 

which helps eliminate the surface potential change caused by variation of ion concentration when 

changing pH buffer solutions. In the AC pH sensing tests, buffer solutions were delivered in the 

order of descending pH and then ascending pH during tests. 

2.4 Sensing Results and Analysis 

2.4.1 Electrical Characterization 

      The basic characteristics of the circuit were measured. With the load resistor connected, the 

channel current was first measured in response to the gate bias voltage (Ids - Vg) to select a proper 

Vg. Then the channel current was measured in response to source bias voltage (Ids - Vs). It should 
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be noted that the Vd was dependent on both Vg and Vs due to the existence of the load resistor, 

which was connected in series with the Si NW FET. Figure 2-4 illustrates the examples of Ids-Vg 

and Ids - Vs curves with buffer solution of pH=5.54. In the AC pH sensing study, sinusoidal 

waveforms with a DC offset of -0.1 V and a peak-to-peak value (Vs,pp) of 0.2 V were used as the 

source voltage (Vs) while a constant DC voltage of 0.5 V was used as the gate voltage (Vg). In this 

range, the device itself is working on the linear region. The circuit current (Ids), however, has a 

non-linear relationship with gate voltage (Vg) and a linear relationship with the source voltage (Vs). 

 

Figure 2-4. Basic circuit chatacteristics of a Si NW FET in series with 1MΩ resistor load with 

buffer solution of pH=5.54. (a)  Ids-Vg curve with source biased at - 0.1V.  (b) Ids-Vs curve with 

gate biased at 0.5V. 

 

2.4.2 AC pH Sensing with Frequency-dependent Sensitivity 

     During the AC pH sensing tests, the NW FET was biased at Vg = 0.5 VDC and Vs = -0.2 ~ 0 

VAC with frequency ranging from 1 Hz to 1 MHz.  The oscilloscope probe was set with 10 MΩ 

input impedance for reliable test results. From drain voltage response, the current peak-to-peak 

value (Ids,pp) can be calculated as 
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 I𝑑𝑠,𝑝𝑝 =
V𝑑,𝑝𝑝

𝑅𝐿
.                                     (1.2) 

     In the DC pH sensing tests, the change of Ids is used to characterize the pH change, while for 

the AC pH sensing tests, the change of Ids,pp represents the solution pH change. The principles in 

both configurations are quite similar. By delivering buffer solution with higher pH, the effective 

surface potential of Si NWFETs decreases, which causes reduction of channel conductance. With 

proper source AC bias, the current peak-to-peak value (Ids,pp) would decrease. Figure 2-5a 

illustrates an example of Ids,pp – pH results with 1 MΩ load resistance. Changes of Ids,pp were 

observed for different pH solutions with frequency from 1 Hz to 100 KHz, with significant signal 

differences occurred at 10 KHz. Figure 2-5b illustrates the circuit frequency response. The signal 

output remains almost constant from 1 Hz to 1 KHz while large attenuation happens from 10 KHz.  

 

Figure 2-5. An example plots of (a) Ids,pp – pH and (b) Vd,pp – frequency, with 1 MΩ load resistance. 

 

     The current sensitivity was calculated from the slope value from linear fit in Ids,pp – pH relation. 

Figure 2-6 illustrates the frequency-dependent current sensitivity. The circuit shows improved 

sensitivity between the frequency of 100 Hz to 100 KHz, with a peak sensitivity at the frequency 

of 10 KHz, showing 8 times improvement compared to the low frequency (1~10 Hz). 
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Figure 2-6. Current sensitivity versus frequency. The error bars represents the standard deviation 

from ascending pH results and descending pH results. 

 

     We propose that the sensitivity improvement is ascribed to the change of ion distribution under 

AC. The potential in electrolyte 𝜑 is reported to be 

𝜑 = 𝜑0
𝜆𝐷𝐿

𝑟+𝜆𝐷𝐿
 (AC),  𝜑 = 𝜑0𝑒

−𝑟

𝜆𝐷𝐿 (DC)                                       (2.3) 

where 𝜑0 is the surface potential, 𝜆𝐷𝐿 is the debye length and r is the distance from surface. AC 

introduces slower potential attenuation and thus larger double-layer capacitance (CDL). During 

biosensing, the charge-induced dielectric surface potential change ∆𝜙𝑠 can be defined by 

∆𝜙𝑠 =
∆𝑄𝑠

𝐶𝑡𝑜𝑡𝑎𝑙
, 𝐶𝑡𝑜𝑡𝑎𝑙 = 𝐶𝐷𝐿 +

1
1

𝐶𝑜𝑥
+

1

𝐶𝑆𝑖

                                           (3.4) 

where ∆𝑄𝑠 is the introduced surface charge, 𝐶𝑜𝑥 is the gate dielectric capacitance, and 𝐶𝑆𝑖 is the Si 

channel capacitance. While the channel surface potential change ∆𝜓𝑠 could be obtained through 

∆𝜓𝑠 =
𝐶𝑜𝑥

𝐶𝑜𝑥+𝐶𝑆𝑖
∆𝜙𝑠                                                        (4.4) 
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Therefore, AC results in increased surface potential change and thus improved the sensitivity. 

     According to Figure 2-5b, the peak sensitivity at 10 KHz is located around the circuit cut-off 

frequency (fT). At the frequency around fT, the slight shift of the frequency response curve would 

cause a rapid change of current peak-to-peak value (Ids,pp). In the AC pH sensing tests, as pH 

increases, the device trans-conductance (gm) and source-drain conductance (gds) as well as double-

layer capacitance (CDL) would decrease, which result in negative shift of frequency response and 

therefore contribute to the significant improvement of the pH sensitivity. 

2.4.3 Semi-Analytic Model  

     Figure 2-7 shows the equivalent frequency response circuit model for the AC pH sensing tests 

based on the Si NW small-signal model [56]. 

 

Figure 2-7. Equivalent frequency response circuit model with AC biasing at source. 

 

      Rg is the effective gate resistance due to the electrolyte and is neglectable with approximately 

14 S/m conductivity in this study. Rs and Rd are the source and drain resistance and were calculated 

from phosphors doping concentration of 1×1019 atoms/cm3. The value of Rs and Rd are 137Ω. RL 
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is the load resistance. gm is the trans-conductance and gds is the source-drain conductance excluding 

the effect of Rs and Rd . Cgsi and Cgdi are the intrinsic gate-to-source and gate-to-drain capacitance 

due to gate dielectric SiO2. Cgse and Cgde are the extrinsic gate-to-source and gate-to-drain 

capacitance due to the Si3N4 passivation. The source-to-drain capacitance is usually considered in 

the short-channel device [9] and is not applicable in our biosensors. 

     Cgsi and Cgdi were obtained using the coaxial model by assuming cylindrical symmetry of Si 

NW, with a dimensional correction coefficient of 0.7. The 100 NWs were calculated in parallel 

without coupling effect considering the large distance between NWs. The value of Cgsi and Cgdi 

are 1.8 pF. Cgse and Cgde were calculated from the parallel plate model and the value are 2.9 pF.  

     In this study, device is working in the linear region. Considering the variation of Vds in Ids-Vg 

curve and Vgs in Ids-Vs curve, the value of gm and gds were not directly extracted from the basic 

characteristic curves. Instead, gm and gds were obtained by fitting the data with Vg = 0.5 V and 

source DC offset Vs = -0.1 V into 

 𝑔𝑚 =
𝜕Ids

∂Vgs
≈

2Ids

2(Vgs−VT)−Vds
                                        (1.4) 

 𝑔𝑑𝑠 =
𝜕Ids

∂Vds
≈

2Ids[(𝑉𝑔𝑠−𝑉𝑇)−𝑉𝑑𝑠]

2(Vgs−VT)Vds−Vds
2                                        (1.5) 

     The calculated results for this study are approximately 1.05 µS for gm and 10.4 µS for gds with 

the buffer solution of pH = 5.54. 

     Based on the circuit frequency analysis,  

 
𝑖𝑜

𝑖𝑖
=

1+
𝑠(𝑔𝑑𝑠+𝑔𝑚)𝑅𝐿𝐶

𝑔𝑑𝑠+𝑔𝑚+𝑔𝑑𝑠𝑔𝑚𝑅𝐿

1+𝑠
(1+2𝑔𝑑𝑠𝑅𝐿+𝑔𝑚𝑅𝐿)𝐶

𝑔𝑑𝑠+𝑔𝑚+𝑔𝑑𝑠𝑔𝑚𝑅𝐿
+𝑠2 𝑅𝐿𝐶2

𝑔𝑑𝑠+𝑔𝑚+𝑔𝑑𝑠𝑔𝑚𝑅𝐿

                                    (1.6) 
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in which ii represents the input current and io represents the output current, C = Cgsi + Cgse = Cgdi + 

Cgde and s = jω with ω representing the angular frequency. Rs and Rd were excluded due to the 

small value compared to other parameters. The current gain is expected to be unity for frequency 

much smaller than fT and fT is defined as 

 fT =
𝑔𝑑𝑠+𝑔𝑚+𝑔𝑑𝑠𝑔𝑚𝑅𝐿

2𝜋(1+2𝑔𝑑𝑠𝑅𝐿+𝑔𝑚𝑅𝐿)C
,                                    (1.7)  

The calculated value based on the circuit model is approximately 33 KHz for the buffer solution 

of pH = 5.54. This value strongly agree with the experimental data. It is worth to point out that the 

value of fT is much smaller compared to the conventional MOSFET or Si NW devices because the 

NW FETs and circuit are optimized for sensitivity other than speed. The bio-sensors are designed 

with high surface-to-volume ratio, long conducting channel for molecule modification, multi-wire 

for better conformity and global passivation to prevent undesired interactions between the 

electrolyte and the device. More accurate modeling requires consideration of double-layer 

capacitance. These factors, along with the load resistance and device bias condition determine the 

value of the cut-off frequency in the experiment. Multiple Si NW FETs were tested with improved 

sensitivity around the cut-off frequency. 

2.5 Summary 

     In summary, a new pH sensing approach based on the alternating current on the source/drain 

of field-effect transistor-based biosensor is proposed. The Si NW FETs with lithographically 

defined NWs were used in this study and the device surface was modified with APDMES. The 

sensors pH response was measured under a wide range of frequency (1 Hz to 1 MHz). The 

sensitivity improved approximately 2 to 8 times in a frequency range from 100 Hz to 100 KHz 
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compared with low frequency, with the maximum of improvement around 10 KHz. An analytic 

model has been developed to explain the pH sensing frequency response. Based on the study, 

operating the biosensors at a frequency around the cut-off frequency would largely improve the 

detection sensitivity, which is important for extending the biosensor detection limitations.  

  



 

26 

CHAPTER 3 

SI NW FET PH SENSING WITH AC FOR IMPROVED STABILITY 

     This chapter demonstrates pH sensing with gate alternating current (AC) bias on field-effect 

transistors (FETs) for improved sensing stability, repeatability and reliability. Si nanowire (NW) 

FETs were fabricated and characterized. Both conventional DC and AC were applied to the 

solution gate for pH sensing tests, and the corresponding performance including sensitivity, 

stability, repeatability, and reliability were analyzed and compared. AC-based sensing 

demonstrates significantly improved repeatability over 12-fold and stability over 10-fold as 

compared to DC in a pH range of 4 – 9. This improvement is attributed to the suppression of ion 

electro-kinetic diffusion induced output drifting. Further tests of sensing minor pH signal (0.2 pH) 

results in over 30-fold improvement of reliability and over 50-fold improvement of stability with 

AC, as DC suffers from severe reliability degradation in such condition. This study suggests 

operating FET biosensor with gate AC bias could improve sensing reliability which may benefits 

high-demanding sensing applications.   

3.1 Introduction 

          DC biasing is widely used in conventional biosensing tests with field-effect based biosensors 

[15, 55]. In chapter 2, we have introduced AC biasing at source/drain terminals of Si NW FETs 

which contributes to improved pH sensitivity at optimized frequency. Sensitivity improvement of 

protein detection was also reported by Kulkarni et al through suppressing of ion screening in high-

salt environment [52]. Besides sensitivity, sensing stability and reliability also have vital 

importance in practical applications. For conventional static operation of FET biosensors (DC bias), 
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time-dependent current drifting is commonly observed [55], which could hinder reliable detections 

especially for low-concentration sensing. Penetration of ions such as hydrogen and alkali ions that 

highly present in biological samples [57], are considered as one of the crucial factors to cause 

drifting behavior. Here we propose dynamic operation of FET biosensors (AC bias at solution gate) 

to improve sensing stability by suppressing ion electrokinetic diffusion. PH sensing with both 

conventional DC bias and AC bias are studied, and the results are discussed to demonstrate stability 

enhancement with AC.  

3.2 Experimental of AC PH Sensing with Si NW FETs 

3.2.1 Fabrication of Si NW FETs 

     Si NW field-effect transistors with 100 NWs (~ 50 nm in width, 30 nm in height and 25 µm in 

length) were used for this study. The devices were fabricated on lightly p-doped silicon-on-

insulator (SOI) wafers using NMOS process. Source/drain junctions were formed by phosphorous 

ion implantation. The Si NW channels were defined by electron-beam lithography and followed 

by 2-step plasma etches. 3nm thermal SiO2 was formed as the gate dielectrics. Nickel silicide was 

used to form Ohmic contacts with the source/drain pads. Finally, the Si NW FETs were passivated 

with 300 nm silicon nitride, revealing only the channel and the electric probing contact pads. The 

detailed fabrication process was discussed in Chapter 2.2.1. 

3.2.2 PH Sensing Setup with Gate AC-bias 

     Figure 3-1(a) illustrates the schematic of conventional DC pH sensing test with Si NW FETs. 

Constant DC voltages are generated and applied to both gate and drain terminals, and the source 
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terminal is grounded by three sourcemeter units of Keithley 4200-SCS. The channel current Ids is 

simultaneously recorded during test. Figure 3-1(b) illustrates the schematic of AC pH sensing test 

for stability improvement. A constant voltage Vd was generated by Keithley 4200-SCS and applied 

to the drain terminal, while an AC voltage Vg was generated by a function generator and applied 

to the solution gate. The source terminal was connected to a lock-in amplifier which converts the 

channel current Ids to RMS voltage output Vrms. The sensitivity of lock-in amplifier is 106 V/A. 

Figure 3-1(c) shows the clamp made by 3-D printing for sensing tests. An Ag/AgCl electrode was 

mounted in the clamp which functions as the solution gate. The contact of device channel surface 

with buffer solutions was defined by polydimethylsiloxane (PDMS). The chip source/drain contact 

pads were extended out of the PDMS channel to allow electrical probing.  

     10 mM Potassium phosphate buffer solutions containing 100 mM potassium chloride with pH 

values in the range of 4 – 9 were prepared for sensing tests. During pH sensing, pH buffer solutions 

were delivered at a constant flow rate via the clamp inlet/outlet driven by nitrogen gas at a pressure 

of ~ 2 lbf/in2. This eliminated time-related solution pH drifting caused by dissolve of CO2 from 

ambient air. A selector valve was used to switch pH solutions during tests.      

 

Figure 3-1. (a)-(b) Schematics of pH sensing with (a) conventional gate DC bias and (b) gate AC 

bias for stability improvement. (c) A 3-D printed clamp for sensing tests. 
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3.3 Sensing Results and Analysis 

3.3.1 Device Characterization 

     Figure 3-2 shows an example of Si NW FET transfer characteristics (Ids – Vgs). The device was 

biased with source-drain voltage of 0.1 V while gate voltage was swept from 1 V to 2.5 V. Device 

shows an on/off ratio of five orders and drive current on the order of 10-7 A. A threshold voltage 

of ~ 1.8 V and a subthreshold swing ~ 170 mV/decade were obtained. Small counter-clockwise 

hysteresis was observed which suggested existence of mobile ions. Gate leakage current was in 

the level of 10-11 A – 10-10 A when gate voltage was swept from 1 V to 2.5 V.  

 

Figure 3-2. A example of Si NW FET transfer characteristics 
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3.3.2 AC pH Sensing with Improved Repeatability 

     During pH sensing tests, two solutions with a difference of one pH were repeatedly delivered 

for five cycles with each cycle lasts ~ 200 s. Five different conditions were tested for pH from 4 

to 9. For both DC and AC condition, the drain-to-source voltage was set as 0.1 V. For DC tests, 

the gate was biased at 2 V which sets the device in the linear region. For AC tests, the gate was 

biased with a 10 KHz sinusoidal signal with a peak-to-peak voltage (Vg,pp) of 4 V. Figure 3-3 (a) 

shows the results of DC condition, where Ids illustrates severe positive drifting over time for all 

five different pH conditions. When solution with lower pH is delivered, the drifting is more 

significant than that of higher pH. In addition, the drifting is most severe at the beginning of test. 

For sensing with AC, the results are highly stable and repeatable over five cycles, as shown in 

Figure 3-3 (b). No observable drifting is seen for test with higher pH (e.g. pH 9 - 8), while small 

drifting could be distinguished for lower pH (e.g. pH 5 - 4). 

 

Figure 3-3. Plot of Ids – Time when two different pH solutions were delivered and repeated for five 

cycles, each solution flows ~ 100 s. (a) DC condition, gate was biased with 2 V and (b) AC 

condition, gate was biased with peak-to-peak voltage of 4 V at 10 KHz. 
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     In order to better compare both conditions, the Ids was converted back to relative surface 

potential ψ using device transfer characteristics, as shown in Figure 3-4. This eliminates the effect 

from voltage biasing magnitude on device sensing performance. The results, as illustrated in Figure 

3-4, are quite similar to Figure 3-3 – severe drifting in DC condition while very little drifting in 

AC condition. The sensitivity Sψ, which was defined as the relative surface potential change per 

pH change could be calculated from ∆ψ/∆pH. Here, the sensitivity was obtained by averaging the 

results of five round-cycles and summarized in Table 3-1. Despite DC demonstrates relative higher 

sensitivity, this could be resulted from the current drifting behavior – where drifting speed is slower 

when switching to solution with lower pH but faster when switching to solution with higher pH. 

 

Figure 3-4. Plot of ψ – Time converted from figure 3-3. (a) DC condition, gate was biased with 2 

V and (b) AC condition, gate was biased with peak-to-peak voltage of 4 V at 10 KHz.      

    

     To better evaluate the sensing test stability and repeatability, histograms were plotted for each 

pH over five cycles, with an example shown in Figure 3-5 for the tests of pH 9 – 8 in Figure 3-3. 

Gaussian fittings were used to obtain the relative surface potential peak value ψpeak at each cycle. 

For DC condition, the data distributions of each cycle are clearly isolated and the shift of ψpeak is 



 

32 

over 100 mV for both pH after five cycles (Figure 3-5 (a-b)). Larger positive shift happens at 

higher pH, as shown in Figure 3-5(a). For AC condition, on the contrary, the data distributions of 

all cycles have high coincidence, with shift of ψpeak below 3 mV over five cycles (Figure 3-5 (c-

d)). The data are also analyzed statistically for all tests in Figure 3-3 and the results are summarized 

in Table 3-1. σψ represents the fluctuation of ψ, which is obtained from the standard deviation of 

ψmean over five cycles, where ψmean denotes the mean of surface potential at each cycle. The value 

is between 22 – 80 mV for DC condition and 0.5 – 2.6 mV for AC condition. The surface potential 

fluctuation are then further converted to equivalent pH fluctuation σpH, via dividing σψ by the 

sensitivity Sψ in each condition. The equivalent pH fluctuation are all largely reduced with AC for 

all five test conditions, suggesting significantly improved stability and repeatability. Among them, 

test with lowest pH (5 – 4) results in the lowest improvement of 12-fold, while all other pH 

conditions demonstrate over 50-fold improvement. The hypothesis is that, under static operation 

with gate DC bias, the ions such as hydrogen and alkali ions in the double layer at gate dielectric 

surface are subject to constant electrical field, and thus may diffuse into the gate dielectric layer. 

While the ion electrokinetic diffusion could be largely suppressed under dynamic operation with 

gate AC bias. In solution with low pH value where large amount of hydrogen ions exists, the effect 

of stability improvement with AC bias is weakened due to non-negligible thermal diffusion of 

hydrogen ions. 



 

33 

 

Figure 3-5. Examples of histogram of Ids at each pH over five cycles, obtained from test of pH 9-8 

in Figure 3-4. Gaussian fittings were conducted for each pH at each cycle. (a – b) DC condition 

with (a) at pH 9 and (b) at pH 8, and (c – d) AC condition with (c) at pH 9 and (d) at pH 8.  

 

Table 3-1 Stability and repeatability comparison of DC and AC sensing  
 pH 9 - 8 pH 8 - 7 pH 7 - 6 pH 6 - 5 pH 5 - 4 

DC AC DC AC DC AC DC AC DC AC 

Sensitivity  

Sψ (mV/pH) 

45.5 38.9 48.5 35.2 49.5 26.7 51.3 28.7 46.4 40.4 

σψ
1 

(mV) 

High 

pH 

80.3 1.2 45.7 0.6 40.5 0.6 38.4 0.8 40.0 2.6 

Low 

pH 

48.2 0.9 26.4 1.1 22.4 0.5 22.1 0.5 22.3 2.0 

σpH
2  

(pH) 

High 

pH 

1.76 0.03 0.94 0.002 0.81 0.002 0.75 0.003 0.86 0.06 

Low 

pH 

1.06 0.02 0.54 0.003 0.45 0.002 0.43 0.002 0.48 0.05 

AC repeatability 

improvement3 

51-fold 380-fold 314-fold 241-fold 12-fold 

1Relative surface potential fluctuation, obtained from standard deviation of ψmean over five cycles. 

2Equivalent pH fluctuation, obtained from standard deviation of pHmean over five cycles, divided by sensitivity Sψ 
3
Repeatability improvement with AC, obtained from σpH at AC divided by σpH at DC, averaged for high and low pH. 
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3.3.3 AC pH sensing with Improved Stability and Accuracy 

We further performed tests by sweeping solution pH to study the stability in DC and AC tests. 

Six solutions with pH in the range of 4 – 9 are delivered in the order of first descending pH and 

then ascending pH, and the results are illustrated in Figure 3-6. Figure 3-6(a) and Figure 3-6(b) 

show Ids - time under DC and AC biasing respectively. Significant drifting is observed in DC 

condition with more correlated with descending pH, while only small drifting is observed in AC 

condition. Figure 3-6(c) shows direct comparison of DC and AC conditions in terms of time-

dependent relative surface potential ψ. The statistical results (i.e. mean and standard deviation) of 

each pH solution step are plotted for DC and AC conditions in Figure 3-6(d) and 3-6(e) 

respectively. Significant variance of ψmean for same pH solutions under two cycles are observed 

for DC condition, with large standard deviation of ψ seen at first delivery of pH 8.5. Linear fittings 

are performed for both ascending and descending pH, and the sensitivity Sψ are obtained as the 

slopes of linear fittings. The DC condition results in huge variance of Sψ – 70.4 mV/pH for 

descending pH and 44.2 mV/pH for ascending pH. Particularly, the sensitivity of descending pH 

exceeds Nernst limit (60 mV/pH) due to drifting. Such variance may cause reliability issue in real-

time sensing tests. The AC condition results in Sψ of 51.8 mV/pH and 49.1 mV/pH for descending 

pH and ascending pH respectively. The standard deviation of Sψ are thus decreased by 10-fold in 

AC condition, which contributes to significantly improved sensing accuracy. The equivalent pH 

drift after one complete round-cycle is ~ 3.8 pH for DC condition and ~ 0.38 pH for AC condition, 

demonstrating a 10-fold stability improvement by AC sensing.  
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Figure 3-6. DC and AC sensing results comparison, when six solutions with pH in the range of 4 

– 9 are delivered for one round-cycle (first descending pH, then ascending pH). (a)-(b) Plots of Ids 

– time for (a) DC condition, gate was biased with 2 V and (b) AC condition, gate was biased with 

peak-to-peak voltage of 4 V at 10 KHz. (c) Plot of ψ – Time for both DC and AC condition 

converted from (a) and (b). (d)-(e) Statistic plots of ψ – pH for (d) DC and (e) AC condition, fitted 

by linear relations. Error bars represent the standard deviation.  

 

Similar tests are conducted with six solutions of pH 7 – 8 to compare DC and AC sensing 

behavior under minor pH change. Figure 3-7(a) illustrates the plot of ψ – time for DC and AC 

conditions upon sweeping solutions in steps of 0.2 pH. Similar to results in Figure 3-5(c), DC 

condition shows severe drifting especially for descending pH, while AC condition shows minor 

drifting. Figure 3-6(b) and 3-6(c) show the statistical results of each solution step for DC and AC 
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conditions respectively. Linear fittings reveal sensitivity Sψ of 178.1 mV/pH and 31.4 mV/pH for 

ascending and descending pH in DC condition, which suggests the sensing reliability in DC 

condition are further severely degraded for sensing minor pH change. Sψ of 39.8 mV/pH and 35.2 

mV/pH are acquired for ascending and descending pH in AC condition, which contribute to a 32-

fold improvement of reliability compared to DC condition. The equivalent pH drift after one round  

 

Figure 3-7. DC and AC sensing results comparison, when six solutions with pH in the range of 7 

– 8 are delivered for one round-cycle (first descending pH, then ascending pH). (a) Plot of ψ – 

time for both DC condition with gate biased with 2 V and AC condition with gate biased with 

peak-to-peak voltage of 4.5 V at 10 KHz. (c)-(d) Statistic plots of ψ – pH for (d) DC and (e) AC 

condition, fitted by linear relations. Error bars represent the standard deviation. 
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cycle is ~3.6 pH for DC condition, which is extremely undesirable as only 1 pH is changed by 

sweeping all solutions during tests. The AC condition, on the other hand, shows an equivalent pH 

drift of 0.07 pH, demonstrating a 51-fold stability improvement. 

3.4 Summary 

     In summary, pH sensing with gate AC bias on FET-based biosensor is proposed to improve 

sensing stability, repeatability and reliability. The Si NW FETs were fabricated and tested for pH 

sensing with solution gate biased with both conventional DC and AC. For sensing repeatability 

tests with two pH solutions, AC condition results in significantly reduced drifting and enhanced 

repeatability of 12-fold for pH 4 – 5 and over 50-fold for solution with pH 5 – 9. The relative 

weaker repeatability enhancement in solution of lower pH might be attributed to thermal diffusion 

of increased hydrogen ion. Further improvement could be expected by optimizing AC frequency. 

Consecutively sweeping of pH solutions in the range of 4 – 9 also reveals improvement of sensing 

stability and accuracy by 10-fold with AC. Sweeping solutions of pH 7 – 8 in steps of 0.2 pH 

demonstrates that AC could be more beneficial for sensing of minor pH difference as the reliability 

in DC condition are further degraded due to drifting. Over 30-fold improvement of reliability and 

over 50-fold improvement of stability are achieved by sensing with gate AC bias. Therefore, 

operating FET biosensor with gate AC bias could significant improve sensing stability, 

repeatability and reliability, which is important for ultra-sensitive and high-demanding sensing 

applications.   
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CHAPTER 4  

MOS2 2D FET PH SENSING WITH HIGH STABILITY 

     This chapter demonstrates highly stable and repeatable pH sensing with few-layer MoS2 FET. 

The devices were fabricated on SiO2/Si substrate with MoS2 flake mechanical exfoliated from 

natural crystals. Both HfO2 and Al2O3/HfO2 stacked gate dielectrics were studied for MoS2 FET 

biosensors. The devices were electrically characterized and Al2O3/HfO2 coated device shows 

better on/off behavior and subthreshold slope. The real-time pH sensing performance were studied 

and both types of sensors demonstrate highly linear, stable, and repeatable response closing to 

theoretical limit of 59.5 mV/pH over a wide pH range. The Al2O3/HfO2 coated sensor shows 

significantly higher current sensitivity (~ 142% per unit pH change) and relatively better linearity 

(> 99.9%), while HfO2 coated sensor shows relatively higher stability (coefficient of variation ~ 

0.01%) and higher repeatability (coefficient of variation ~ 0.14% over six pH testing cycles), 

ascribing from different operation regime – subthreshold for Al2O3/HfO2 sensor and linear for 

HfO2 sensor. Al2O3/HfO2 coated MoS2 FET demonstrates a high sensitivity or low detection limit 

of 0.01 pH, which is comparable to high-end commercial bulky pH electrode and Si ISFET sensors. 

     Honglei Wang contributed to the experimental design, device fabrication, electrical and sensing 

tests and data analysis. Peng Zhao contributed to the device fabrication and Dr. Young provided 

guidance on device fabrication. Dr. Hu provided advisory guidance on experimental design, device 

fabrication, tests and data analysis. 
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4.1 Introduction 

     Recently, molybdenum disulfide (MoS2), an emerging 2D material, becomes an alternative 

candidate for future ultra-sensitive biosensors. Unlike graphene, MoS2 has suitable 

semiconducting behavior with a band gap energy between 1.2 – 1.9 eV [40] and a theoretical 

mobility value up to 1,000 cm2/(V s) in monolayer at room temperature [41]. Meanwhile, the 

unique 2-D structure with interlayers weakly bonded by van der Waals force allows a potential 

pristine surface without dangling bonds, which may reduce flicker noise caused by interface traps 

and surface roughness scattering [42]. PH sensing [43] and protein sensing [43-48]with MoS2 FET 

have been demonstrated since 2014. However, current works on MoS2 FET biosensors are mainly 

focused on the sensitivity improvement and detection mechanism study, yet the sensing stability 

or selectivity which are equally important in practical applications are far under-investigated. In 

pH based deoxyribonucleic acid (DNA) sequencing [2], for instance, a proton released from DNA 

polymerization reaction only involves in tens of milliseconds, thereby requiring precise and 

reliable real-time quantification of proton density (i.e. pH) and the sensor chip must works well 

for several hours to complete the entire DNA sequencing process. However, to our best knowledge, 

real-time sensing results of TMD FETs with long-term stability and repeatability have not been 

demonstrated thus far. 

     Here we demonstrate highly stable and repeatable real-time pH sensing with MoS2 FET 

biosensors. The biosensors were fabricated using few-layer MoS2 material with high-k gate 

dielectric on top. Both HfO2 and Al2O3/HfO2 were studied as the sensing dielectric layers. Besides 

evaluating the sensing capability of MoS2 FET by analyzing transfer curves in different sensing 

electrolyte, we demonstrate long-term real-time pH sensing performance. The sensing sensitivity, 



 

40 

stability, repeatability, pH linearity and limit of detection are discussed. High stability, 

repeatability and pH linearity were demonstrated over a wide pH range of 3 – 12. The device using 

Al2O3/HfO2 hybrid layers shows excellent electrical characteristics and hence high pH sensitivity. 

Our work indicates MoS2-based 2D FET biosensors are promising for future high-demanding 

biosensing applications such as pH-based DNA sequencing.  

4.2 Experimental of MoS2 2D FETs pH Sensing  

4.2.1 Fabrication of MoS2 FETs 

     A 270 nm thick SiO2 film was thermally grown on highly doped p-type Si wafers. MoS2 flakes 

were mechanically exfoliated from natural MoS2 crystals and transferred onto the SiO2 substrate 

via a scotch tape (Figure 4-1(a)). The source/drain contacts and a channel of 10 μm in length were 

defined using photolithography on selected few-layer MoS2 flakes. 20 nm/130 nm Ti /Au was 

deposited by e-beam evaporation followed by a lift-off process (Figure 4-1(b)). After source/drain 

formation, high-k dielectric was deposited by atomic layer deposition (ALD) at 200 oC as the gate-

insulating and active pH sensing layer. In this study, we investigated both HfO2 and Al2O3/HfO2 

dielectrics. For HfO2, 30 nm thick layer was deposited using H2O and TDMA-Hf as precursors. 

For Al2O3/HfO2, 20 nm thick Al2O3 layer was first deposited using H2O and TMA as precursors 

and immediately followed by HfO2 deposition with H2O and TDMA-Hf for an additional thickness 

of 20 nm. 
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Figure 4-1. (a) Optical image of a MoS2 flake exfoliated on 270 nm SiO2 with highly p-doped Si 

substrate. (b) Optical image of MoS2 FET with source/drain formed by e-beam evaporation of 20 

nm/130 nm Ti/Au. The channel length is 10 μm. 

4.2.2 PH Sensing Experimental Setup 

     Figure 4-2(a) illustrates the schematic of the pH sensing setup with MoS2 FETs, including the 

fabricated devices, fluidic channel, solution gate and electrical connections. A clamp made by 

three-dimensional (3D) printing was used to isolate the device electrical contacts from sensing 

solution, as shown in Figure 4-2(b). A microfluidic channel in a length of 1 cm and a width/height 

of 500 µm was defined by polydimethylsiloxane (PDMS), with etheretherketone tubing attached 

to the ends as the solution inlet/outlet. The chip was mounted beneath the PDMS channel with 

source/drain pads extended out for electrical probing. The high-k dielectric which is in contact 

with sensing solutions served as active ion-sensing surface and source/drain passivation layer. An 

silver (Ag)/silver chloride (AgCl) electrode was mounted in the clamp as the solution gate 

electrode.  

     A Keithley 4200 SCS and a Cascade probe-station were used for three-terminal electrical tests. 

For device characterization, voltage was swept on the solution gate (Ag/AgCl electrode), while the 

source and drain terminals were grounded and biased with at 0.1 V respectively. Probe tips 



 

42 

contacted the source/drain pads by scribing through the thin ALD layers on the pad surface. After 

determining proper gate bias from acquired transfer curves, all the terminals were constantly 

biased to monitor time-dependent source/drain current for pH sensing tests. 10 mM Potassium 

phosphate buffer solutions containing 100 mM potassium chloride were prepared with measured 

pH values in the range of 3 – 12. Another set of buffer solutions containing 5 mM phosphate group 

and 10 mM K+ were also prepared with pH ranging in 7.5 – 7.9. During pH sensing, pH buffer 

solutions were delivered at a constant flow rate via the clamp inlet/outlet driven by nitrogen gas at 

a pressure of ~ 2 lbf/in2. This eliminated time-related solution pH drifting caused by CO2 

absorption from ambient air. A selector valve was used to switch pH solutions in the order of both 

ascending and descending pH. The buffer solutions of pH 3 – 9 were repeatedly delivered for six 

cycles (i.e. three ramp-up and ramp-down cycles). 

 

Figure 4-2. (a) Schematic of the pH sensing setup with MoS2 FETs, including the fabricated 

devices, fluidic channel, solution gate and electrical connections. (b) Image of 3-D printed clamp 

with PDMS fluidic channel. 
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4.3 PH Sensing Results and Analysis  

4.3.1 MoS2 FET pH Sensor with HfO2 

     HfO2 is by far the most widely explored high-k dielectric for MoS2 based FETs. Figure 4-3(a) 

illustrates the transfer curve (Ids-Vgs) of the MoS2 FET with 30 nm HfO2 in a phosphate buffer 

solution with pH 8.5. Linear change of source-drain current is observed without noticeable 

hysteresis as the solution gate voltage sweeping around -1 V to 1 V under a constant source-drain 

voltage (Vds) bias of 0.1 V. This suggests the device performs as a depletion mode FET (“on” state 

at zero gate-source voltage Vgs), ascribing to the positive charge introduced by HfO2 deposition. 

Such behavior is commonly reported in literatures [44, 58]. The source-drain current (Ids) is in 10-

6 A level, while the gate leakage current ramps up from 10-11 A to 10-9 A as the gate bias reduce 

from 0 V to -1 V. Although further reducing Vgs below VT of -4.5 V (threshold voltage VT) will 

initiate device conduction in subthreshold regime, large voltage bias in electrolyte generates 

electrical stress and potential electrochemical reactions, thus may induce device failure. Therefore, 

this device is operated in its linear regime with Vgs at 0 V for the pH sensing.  

     Figure 4-3(b) shows the time-dependent measurements of Ids under a Vgs of 0 V and a Vds of 0.1 

V. Over a duration of two hours, seven 100 mM phosphate buffer solutions with pH ranging from 

3.0 to 8.5 were sequentially delivered to the sensor device for six consecutive cycles with each 

solution flow for ~ 200 s. The Ids remains stable mostly during the flow of each pH solution, while 

it changes instantly upon switch of pH solutions. Higher Ids is correlated with lower pH, which is 

expected due to reduced deprotonation or increased protonation actions. The sensing stability and 

repeatability are analyzed. One example of stability is illustrated in Figure 4-3(c) for the 4th cycle. 

The σIds, defined as the standard deviation (SD) of Ids for each pH period, represents the signal 
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fluctuation that may arise from several aspects, such as current drift induced by ion diffusion via 

electrolyte-dielectric interface, instability of solution voltage, or carrier mobility fluctuation 

induced by scattering at channel-dielectric interface. The result of σIds is ~ 10-10 A, which is very 

low. The coefficient of variation (CV), defined as the ratio of SD to the mean of Ids (σIds/Ids, mean) 

in each pH period, has a value ~ 0.01% for the 4th cycle, demonstrating the ultra-reliability of the 

sensor. Over the six cycles, Ids, mean of each period with same pH remains almost unshifted, with a 

CV ~ 0.137% (pH 3.9), showing outstanding repeatability of the MoS2 FET. Such performance is 

attributed to the good quality of HfO2 layer and interface, as well as the bias condition (Vgs at 0 V) 

resulting to low ion electrokinetic diffusion under minimum stress. 

     Relative current change is commonly used to define sensitivity in biosensing tests.[43] Here 

the pH current sensitivity SI is expressed as  

𝑆I =
∆𝐼ds

∆pH×𝐼0
=

𝐼ds,1−𝐼ds,0

(pH1−pH0)𝐼ds,0
                                                   (1) 

where pH1 and pH0 are the pH value of two different electrolyte (pH0 > pH1), and Ids,1 and Ids,0 are 

their corresponded source-drain current, ΔIds and ΔpH are the current and pH value differences, 

respectively  

     Figure 4-3(d) shows the plot of averaged ∆Ids, mean/I0 versus pH for all six cycles, with I0 being 

Ids, mean at pH 8.5 in this test. Linear fittings are performed for each pH cycle which result in 

coefficient determinations (R2) between 97.8% to 98.2%, suggesting good linearity. The current 

sensitivity SI is determined to be the slope of linear fitting curves, with error bars representing the 

standard error of linear fittings (Figure 4-3(d), inset). The SI shows a mean value of 1.34 %/pH 

with a SD of 0.029 %/pH over six cycles, suggesting the sensitivity is highly repeatable. Therefore, 

our MoS2 FET pH sensor with HfO2 has achieved excellent pH linearity, stability and repeatability. 
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     The sensitivity of ion-sensitive FET (ISFET) could also be evaluated by the change of dielectric 

surface potential (Δψ) to the unit change of pH [59] 

𝑆𝜓 =
∆𝜓

∆𝑝𝐻
= −

2.3𝛼𝑘B𝑇

𝑞
, 𝛼 = (1 +

2.3𝑘B𝑇𝐶s

𝑞2𝛽
)−1                                     (2) 

where T is the absolute temperature, kB is the Boltzman constant and q is electron charge. Cs and 

βrepresent the double-layer capacitance and intrinsic buffer capacity respectively, which is 

dependent on the dielectric-electrolyte interface. A maximum value of Sψ of 59.6 mV/pH (known 

as Nernst Limit) could be achieved by setting α to 1, when Cs/β is small. This definition provides 

insights into the quality of electrolyte-dielectric interface, by eliminating the influence of intrinsic 

device variation. 

     Figure 4-3(e) shows the plot of averaged ∆ψmean versus pH, in which ∆ψmean was acquired via 

extrapolating ψ from Ids (Figure 4-3(b)) using Ids - Vg relation (Figure 4-3(a)). Similar trends to 

pH as Figure 4-3(d) is observed. Linear fitting of each cycles results in the R2 value between 

98.0% and 98.5%. The slopes of fitting curves reveal a mean Sψ of 58.7 mV with a SD of 1.27 

mV (Figure 4-3(d), inset). The calculated Sψ is close to the theoretical limit, indicating the HfO2 

layer on the MoS2 has form a high-quality electrolyte-dielectric interface and the surface 

hydroxyl density is high. 
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Figure 4-3. Device characteristics and real-time pH sensing performance of few-layer MoS2 FET 

with 30 nm HfO2. (a) The transfer characteristics, with left axis shows source-drain current Ids and 

right axis shows gate leakage current Ig. (b) Plot of Ids – time, with a Vgs at 0 V and a Vds at 0.1 V. 

Seven 100 mM phosphate buffer solutions with pH from 3.0 to 8.5 are sequentially delivered for 

six cycles with each solution flowing for a period of ~ 200 s. (c) An example of sensor stability, 

with left axis shows signal noise fluctuation σIds and right axis shows coefficient of variation σIds/Ids, 

mean at the 4th cycle; An example of repeatability, with Ids,mean  of pH 3.9 at each cycles, which 

demonstrates a coefficient of variation of 0.137% over six cycles. (d) Plot of ∆Ids, mean/I0 – pH for 

six cycles, with I0 defined by Ids, mean at pH 8.5. Linear fittings are performed for each pH cycles 

individually. Inset graph shows the current sensitivity SI, which is expressed by the slope of linear 

fitting. (e) Plot of ∆ψmean – pH for six cycles, in which ∆ψmean was acquired via extrapolating ψ 

from Ids (Figure 2b) using Ids – Vg relation (Figure 2a). Linear fittings are performed for each pH 

cycles, and the sensitivity Sψ, expressed by the slope of linear fitting is shown in the inset graph. 

 

4.3.2 MoS2 FET pH Sensors with Al2O3/HfO2 

     While our HfO2 coated MoS2 FET demonstrated ultra-stability and repeatability, the current 

sensitivity is limited by linear regime operation. Previous researches of transistor-based biosensors 

demonstrated higher sensitivity in subthreshold regime compared to linear regime [43, 60]. Adding 
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an interfacial layer of Al2O3 to HfO2 gate dielectric has been shown to improve the performance 

of MoS2 FETs significantly by reducing the net positive oxide charges at the interface and lowering 

the subthreshold slope [61]. Therefore, here we also studied MoS2 FET biosensor with Al2O3/HfO2 

dielectric for the first time. Figure 4-4(a) shows the transfer characteristics (Ids-Vg) of the MoS2 

FET fabricated with 20 nm/20 nm Al2O3/HfO2 under a Vds of 0.1 V. A five-order on/off ratio, a 

subthreshold swing of ~ 250 mV/decade, and a threshold voltage of -1.5 V is observed. This 

indicates that although positive charge introduced by HfO2 may still present, the Al2O3 interfacial 

layer in between of MoS2 flake and HfO2 layer has contributed to a better interface quality. Little 

clockwise hysteresis is observed suggesting a low density of electron traps. The source-drain drive 

current is in 10-7 A level while Ig remains in 10-11 level even when Vgs is reduced to -2.8 V. This 

indicates the quality of gate dielectric is good so that the leakage current and electrochemical 

reactions can be suppressed. 

     Figure 4-4(b) shows Ids - Vg characteristics in seven different electrolyte solutions with pH range 

from 3 to 8.5, in both logarithm scale and linear scale. Right shifts of I-V curves are correlated 

with the increase of electrolyte pH. The pH response in subthreshold region (Vg = -2 V) and linear 

region (Vg = 0 V) are analyzed by plotting the ∆Ids/I0 (I0 = Ids at pH 8.5) and ∆ψ versus pH, as 

shown in Figure 4-4(c). The subthreshold regime shows larger current change ∆Ids/I0 (over 500%) 

than the linear region (~ 30%) [62] as pH changes from 8.5 to 3.0. The converted gate voltage shift 

∆ψ, on the other hand, are comparable for both condition. The calculated sensitivities SI and Sψ are 

illustrated in the inset graphs. Over 17-fold higher SI is revealed for subthreshold regime while 

both regimes demonstrate Sψ closing to theoretical limit (59.6 mV/pH). 
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Figure 4-4. Device characteristics and pH sensing of few-layer MoS2 FET with 20 nm/20 nm 

Al2O3/HfO2. (a) The transfer characteristics with Ids – Vg and Ig – Vg. (b) Plot of Ids - Vg in seven 

different phosphate buffer solutions with pH from 3 to 8.5, with left axis shows logarithm scale 

and right axis shows linear scale. (c) Comparison of pH sensing in subthreshold region (Vg = -2 V) 

and linear region (Vg = 0 V). Top left graph shows ∆Ids/I0 – pH, with I0 defined by Ids at pH 8.5, 

which are fitted by exponential and linear curves for subthreshold and linear regions respectively. 

Top right graph shows their current sensitivity SI. Bottom left graph shows extracted ∆ψ – pH, 

fitted by linear curves for both regions. Bottom right graph shows the corresponding sensitivity 

Sψ. 

 

     Besides showing the high pH sensitivity SI for Al2O3/HfO2 coated sensor in subthreshold 

regime, time-dependent tests are performed to analyze its stability and repeatability. Figure 4-5(a) 

shows the logarithm plot of Ids - time under a Vgs of -2 V and a Vds of 0.1 V, when the buffer 

solutions from pH 3.0 to pH 8.5 are sequentially delivered for a duration of 100 s each and repeated 
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for six consecutive cycles. Stable Ids in each solution period and instant current response to pH 

change is observed. An example of sensing stability and repeatability is illustrated in Figure 4-

5(b). The standard deviation of Ids (σIds) for each pH period is very small ~ 10-12 to 10-11 A, which 

is comparable to the gate leakage current. The CV pertains the low level of 0.1% to 1% in the 

subthreshold regime. Additionally, despite higher σIds is generally shown at lower pH, the CV is 

generally lower due to exponential increase of Ids by reducing pH (shown in Figure 4-4(c)). For 

the same pH buffer, Ids,mean shows SDs of 10-11 to 10-10 A over six cycles, which is 7% to 8% of Ids. 

This suggests that our fabricated MoS2 FET with Al2O3/HfO2 dielectric has decent stability and 

repeatability, though inferior to the one with HfO2 due to high electrical stress operating in 

subthreshold regime.   

     Figure 4-5(c) shows the plots of ∆Ids,mean/I0 versus pH for each cycles, which could be well 

fitted by exponential relations with R2 over 99.92%. Overall sensitivities SI with a mean value of 

142 %/pH and a SD of 10.6 %/pH are shown for six cycles (Figure 4-5(c), inset). Compared to the 

device of HfO2 gate as shown in Figure 4-3, we note that there is a small drift over time, likely due 

to voltaic stress induced by the gate electrode biased at -2.8 V in order to work in the subthreshold 

regime. The converted ∆ψmean versus pH are plotted in Figure 4-5(d), demonstrating linear relations 

with R2 over 99.96%. Near-ideal Sψ with a mean value of 59.8 mV/decade (Nernstian limit of 60 

mV/decade) and a standard error of 1.09 mV are acquired (Figure 4d, inset). Therefore, our 

Al2O3/HfO2 coated MoS2 FET sensor operating in subthreshold region has demonstrated high 

sensitivity and linearity, while retained decent stability and repeatability. 
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Figure 4-5. Real-time pH sensing performance of few-layer MoS2 FET with 20 nm/20 nm 

Al2O3/HfO2. (a) Plot of Ids – time, with a Vgs at -2 V (subthreshold region) and a Vds at 0.1 V. Seven 

100 mM phosphate buffer solutions with pH from 3.0 to 8.5 are sequentially delivered for six 

cycles with each solution flow ~ 100 s. (b) An example of sensor stability, with left axis shows 

signal noise fluctuation σIds and right axis shows coefficient of variation σIds/Ids, mean at 4th cycle; 

An example of repeatability, with Ids,mean  of pH 3.9 at each cycles, which demonstrates a coefficient 

of variation of 7.5% over six cycles. (c) Plot of ∆Ids, mean/I0 – pH for six cycles, with I0 defined by 

Ids, mean at pH 8.5. Results of each pH cycles are fitted through exponential relations and the overall 

current sensitivity SI is shown in the inset graph. (d) Plot of ∆ψmean – pH for six cycles. Linear 

fittings of each pH cycles result in the sensitivity Sψ in the inset graph. 
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     The sensor detection capability in extended pH range was further evaluated and illustrated in 

Figure 4-6. Sensing behavior is consistent with pH 3 to 8.5 (Figure 4-5) – stable and repeatable Ids, 

highly fitted current and surface potential response to pH, and near-ideal Sψ. 

 

Figure 4-6. Real-time pH sensing performance of MoS2 FET with 20 nm/20 nm Al2O3/HfO2 in 

extended pH range. (a) Plot of Ids – time when four 100 mM phosphate buffer solutions with pH 

from 7.8 to 11.6 are delivered for two cycles with each solution flows ~ 100 s. The device is biased 

with a  Vgs of -2 V (subthreshold region) and a Vds of 0.1 V. (b) Plot of ∆Ids, mean/I0 – pH for two 

cycles, with I0 defined by Ids, mean at pH 11.6, which are fitted by exponential curves. The current 

sensitivity SI is shown in the inset graph. (c) Plot of ∆ψmean – pH for two cycles, which are fitted 

by linear curves. The surface potential sensitivity Sψ is shown in the inset graph. 

 

     To further explore the pH detection capability of our MoS2 FET for ultra-sensitive applications 

such as pH based DNA sequencing, we tested the device in five 10 mM phosphate-buffer solutions 

with pH from 7.5 to 7.9, to stimulate the electrolyte background and pH change during DNA 

polymerization reaction. The time-dependent Ids shows stable base current and distinct signal upon 

change of 0.1 pH (Figure 4-7(a)). The limit of detection (LOD), defined as the minimum pH that 
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could be distinguished with an accuracy over 99% (i.e. signal to noise ratio equals three), is 

expressed by 

LOD =
3𝜎

𝑆
=

3𝜎𝐼ds × ∆pH

∆𝐼ds,mean
                                                    (3) 

Where noise σ is denoted by the standard deviation of Ids over 100 s at each pH stage, and the 

signal S is expressed by change of Ids,mean per unit pH change. Our sensor demonstrates low signal 

fluctuation with σ in 10-11 A (Figure 4-7(b)) and excellent LOD between 0.01 –  0.02 pH (Figure 

4-7(c)), which is comparable or better than the best commercial Si-based bulky ISFET sensors 

(0.01 – 0.05 pH).[63, 64] This high sensitivity makes it potentially suitable for pH based DNA 

sequencing, where tens of thousands protons released from DNA extension reaction in a micro-

well must be detected.[2, 65] 

 

Figure 4-7. (a) Plot of Ids – time when five 10 mM phosphate buffer solutions with pH from 7.5 to 

7.9 are delivered for two cycles with each period ~ 100 s. The device is biased with a  Vgs of -2 V 

(subthreshold region) and a Vds of 0.1 V. (b) Plot of signal noise σIds, represented by the SD of Ids  

at each pH stage. (c) Plot of limit of detection, obtained when signal (∆Ids, mean/∆pH) to noise (σIds) 

ratio equals three. 
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4.4 Summary 

     In summary, few-layer MoS2 FET biosensors with both HfO2 and Al2O3/HfO2 gate dielectrics 

were fabricated. The device electrical characteristics and their pH sensing performance were 

studied. In particular, apart from commonly reported MoS2 biosensing via Ids-Vg tests, we 

performed real-time pH monitoring for evaluation of sensing stability and repeatability. Both 

sensors with HfO2 and Al2O3/HfO2 dielectrics demonstrate highly linear, stable and repeatable 

response over a wide pH range. Near-ideal dielectric-electrolyte interface functionality with a pH 

response closing to theoretical limit are achieved on both sensors. The sensor with Al2O3/HfO2 

dielectric show significantly higher current sensitivity yet slightly lower stability and repeatability 

compared to sensor with HfO2, likely resulting from different operation regime and stress 

conditions of both sensors. HfO2 coated MoS2 FET functions in linear region with low stress due 

to positive charge introduced at MoS2/HfO2 interface while Al2O3/HfO2 coated MoS2 FET could 

actively function in subthreshold regime with high stress (i.e. exponential signal response) during 

pH sensing. Further pH sensing with Al2O3/HfO2 coated FET reveals ultra-high sensitivity or very 

low detection limit of 0.01 – 0.02 pH, which is comparable to the best commercial Si-based ISFET 

sensors. Our work provides an insight into future practical charge-based biosensing with MoS2 2D 

FET, which is promising for high-demanding applications such as DNA sequencing. 
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CHAPTER 5 

INTRODUCTION TO NANOIMPRINTED HYBRID PEROVSKITE 

OPTOELECTRONICS 

Chapter 5 introduces the background and research progress of hybrid perovskite materials and 

nanoimprint lithography, and our motivation to utilize nanoimprint on this material for 

optoelectronic applications. This chapter is arranged in the following order: 1) Organic-Inorganic 

Hybrid Perovskite Materials; 2) nanoimprint technology; 3) Challenges and motivations. 

5.1 Organic-Inorganic Hybrid Perovskite Materials 

     Perovskite initially refers to calcium titanate (CaTiO3), which was found in 1839 by Gustav 

Rose and was named by the Russian mineralogist Lev Perovski. The term then represents to all 

material compounds with same crystal structure as CaTiO3. These material has a general formula 

of ABX3, where X is an anion and A and B are cations with A being larger than B [66]. The crystal 

structure is shown in Figure 5-1. The organic-inorganic hybrid perovskite has an organic cation A, 

for which the most common one is methylammonium (CH3NH3, MA). The cation B has been Pb 

and sometimes Sn. The anion X is a halogen atom such as iodine, bromine and chlorine. The most 

widely studied hybrid perovskite is the methylammonium lead trihalide (CH3NH3PbI3). For the 

past few years, tremendous attention has been paid to the research of hybrid perovskite for 

photovoltaic applications. The first perovskite liquid-electrolyte based solar cell with an efficiency 

of 3.8% was reported by A. Kojima in 2009 [67]. After application of all-solid-state thin film 

structure, breakthrough progress of efficiency of 10.9% was achieved by M. Lee in 2012 [68]. The 

power conversion efficiency of hybrid perovskite solar cells has boosted and passed 22.1% in 2016 

[69], featuring the fastest development in the history of photovoltaics. In addition, theoretical 
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calculations have predicted an efficiency around 25% - 27% for CH3NH3PbI3-xClx,[70] allowing 

further efficiency improvement. The perovskite-inserted tandem cell via combining with Si cells 

has achieved an efficiency of 26.7%. The revolution of solar cell field by the halide perovskite is 

not only due to the rapid increase of efficiency, but also ascribed to its low-cost and flexibility in 

material growth and process.  

     While researching focus on enhancing the efficiency and stability of perovskite solar cells, 

increased attention has been paid to explore hybrid perovskite for other optoelectronic applications 

such as lasers [71-74], light emitting diodes [75-79] and photodetectors [80-83]. Properties like 

long carrier diffusion length, low nonradioactive recombination rate, high carrier mobility, as well 

as large optical absorption coefficient over broad wavelength range made hybrid perovskite 

attractive for optoelectronics applications beyond solar cells [68, 84-86]. In the meantime, the 

hybrid perovskites are solution processable which enables simple, cost-effective and flexible 

fabrication. Besides MAPbI3, MAPbBr3, MAPbCl3 and the mixed halide perovskite are also of 

great interest due to the capability to tune the absorption and emission wavelength. For LEDs, 

direct-bandgap inorganic semiconductor such as III-V compound has been widely studied and used 

for years, while organic LEDs is also considered as promising display technology to replace liquid 

crystal display due to advantages of low-cost, full-color display and flexibility. The development 

of organic-inorganic hybrid perovskite materials, on the other hand, have opened new chance for 

future efficiency LEDs owing to their unique properties. Several groups have reported bright LED 

based on hybrid perovskite, and different colors were obtained by tuning the material composition 

[76-79]. Incorporating nanostructures such as nanorod and quantum dots have been reported to 

improve LED efficiency [77, 78].  Perovskite is also shown to be promising optical gain material 
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for lasing applications. Recently, room-temperature hybrid perovskite lasers have been 

demonstrated by several groups. Near–infrared whispering-gallery mode nanoplate laser has been 

reported by Zhang et. al. [87]. Microcrystal laser and nanowire laser were also demonstrated [88]. 

M. Saliba et. al. also reported lasing by forming distributed feedback cavity structures [74]. 

Improving the material stability and structure patterns are keys to achieve better performance of 

hybrid perovskite lasers. The potential ability to sense the spectra from visible to near infrared and 

even X-Ray makes hybrid perovskite competitive as material for photodetectors. Normally, 

organic-inorganic hybrid perovskite photodetectors are fabricated using photoconductor, 

photodiode or phototransistor structures. In 2014, L. Dou et. al. reported high efficiency hybrid 

perovskite photodiode utilizing vertical structure analogue to solar cells [81]. Meanwhile, the first 

perovskite photodetector using metal-semiconductor-metal (MSM) photoconductor structure with 

ITO as electrode metal was demonstrated by X. Hu et al. [83], with a responsivity of 3.49 A/W at 

365 nm under a 3 V bias. Such MSM photoconductor structure has the advantage of simplicity and 

ease of integration while still offer high performance owing to the superior optoelectronic 

properties of hybrid perovskite. Further effort has been paid to improve the photo responsivity as 

well as material stability. 
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Figure 5-1. Cubic perovskite crystal structure. For organic-inorganic hybrid perovskite, the large 

cation A is usually the methylammonium ion (CH3NH3), the small cation B is Pb and the anion X 

is a halogen ion (I, Cl or Br). Reprinted by permission from Springer Nature[Nature Photonics] 

[66], [copyright] (2014). 

 

5.2 Nanoimprint Technology 

     Nanoimprint lithography (NIL) is a patterning method in which nanoscale patterns on a stamp 

or mold is replicated into a material by mechanical contact and three dimensional material 

displacement. Nanoimprint lithography normally includes thermal NIL, which is invented by 

Stephen Chou in 1996 [89] and UV NIL [90]. The schematics of patterning scheme are illustrated 

in Figure 5-2. The thermal nanoimprint, also called hot embossing lithography, involves pressing 

a mold into the polymer layer that is heated to a temperature above the polymer’s glass-transition 

temperature and then removing the mold after cooling down below the glass-transition 

temperature. UV nanoimprint, on the other hand, relies on the UV-curable polymer and a 

transparent mold such as fused silica or PDMS. The polymer liquid is applied to the substrate by 

spin-coating or droplet dispensing process and a mold is brought in contact together with a certain 

pressure. After UV-exposure, the polymer becomes solid and thus the pattern are transferred after 

mold separation. Nanoimprint could be used to define underlying substrate by following with a 

pattern transfer process such as plasma etch.   
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Figure 5-2. Schematic of nanoimprint lithography patterning scheme and step &step variant, 

including (1) thermal nanoimprint lithography and step and stamp imprint lithography and (2) UV-

nanoimprint lithography and stamp & flash imprint lithography. Reprinted by permission from: 

AIP Publishing [Journal of Vacuum Science & Technology B] [91], copyright [2008], American 

Vacuum Society. 
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     Since 2013, nanoimprint lithography has been added to the International Technology Roadmap 

for Semiconductor as a candidate technology for IC manufacturing of node 32 nm and below. This 

is because nanoimprint does not encounter the optical limitation thus providing the ultra-high 

resolution, while having the advantages of simple, high throughput, and low-cost process. The fact 

that stamp could be made from standard silicon or silica wafers also facilitated the application of 

NIL into IC fabrication. The step and repeat processes developed for nanoimprint, known as step 

and stamp for thermal nanoimprint and step and flash for UV nanoimprint as shown in Figure 5-

2, provides the ability to pattern full wafers with smaller stamps and are similar to the stepper 

process in photolithography. Roll-to-roll nanoimprint, a highly dynamic process, are also 

developed to for high-throughput industrial-scale manufacturing.  

     On the other hand, a lot of interest has been paid to apply nanoimprint to the field of sensors, 

biotechnology, nano-optics and optoelectronics. For instance, nanoimprint are used to create 

biocompatible templates for cellular engineering, which requires efficient patterning of 

nanostructures in large area [92]. Nanoimprint is also widely used to form ordered micro and 

nanostructures on active device layer for organic solar cells and LEDs [93, 94]. Material and 

performance enhancement are also achievable with nanoimprint process. The periodic 

nanostructures created by nanoimprint could induce photon management thus enhance the optical 

absorption and emission [94]. Nanoimprint is also reported to introduce polymer chain alignment 

and charge carrier transport [93]. Improvement of organic solar cell performance by nanoimprint 

are also achievable through enhancing the donor/acceptor interface and exciton dissociation [95]. 
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5.3 Challenges and motivations 

     While organic-inorganic perovskite materials are very promising in photovoltaics and 

optoelectronic devices, one of the most serious problem that limited its practical applications are 

the material instability under moisture. For instance, MAPbI3 may decompose into MAI and PbI2 

in air or under moisture. Thus, the process and long-term operation of hybrid perovskite devices 

normally requires vacuum, nitrogen or dehydrated environments. Progress is made by coating 

water-resistant layers or tuning material compositions to improve perovskite stability in air. 

     Another challenge with hybrid perovskite is to create ordered nanostructure patterns, which are 

important for creating nano-optoelectronic device, high-density array and circuit integrations. Due 

to the material instability, conventional lithography techniques that are widely used to fabricate 

nanoscale electronic and optoelectronic devices are not applicable for hybrid perovskites. 

Therefore, currently reported perovskite nanostructures are usually created by chemical synthesis 

[96, 97], which lack dimension control and uniformity. Alternative patterning techniques utilized 

for hybrid perovskite include focused ion beam [98], soft lithography [99], and template-assisted 

spin-coating process [73]. However, the physical properties of processed materials and 

performance of fabricated devices require further improvement. Therefore, patterning large-scale 

nanostructures on perovskites with low-cost, high fidelity and high-resolution fabrication methods 

while simultaneously maintain excellent physical properties remains challenge. Thermal 

nanoimprint, though widely adopted for structure patterning in organic optoelectronics, are not 

normally used beyond organic materials that lack glass transition behavior. Nevertheless, the 

mechanical study of organic-inorganic hybrid perovskites demonstrates a low shear modulus and 

suitability for flexible device or compliant device with large deformation demand. In this 
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dissertation, we apply the nanoimprint on the hybrid perovskite by the first time to seek the 

possibilities of patterning nanostructures on perovskite with this low-cost, high fidelity technique 

and simultaneously improving the perovskite physical properties and active optoelectronic device 

performance.  

     In chapter 6, we will investigate nanoimprint of hybrid perovskite materials, and the 

nanoimprint-based photodetector performance. The physical properties of nanoimprinted 

perovskites including crystallinity, absorption, emission and PL lifetime will be investigated and 

the nanostructure geometry effect will be studied. The photodetectors were fabricated based on the 

active imprinted perovskite film. Photoelectrical characterizations of nanoimprinted device 

demonstrated significantly improved optoelectronic performance compared to the non-imprinted 

counterparts, suggesting nanoimprint is suitable for fabricating perovskite nano-optoelectronic 

device, array and circuits.   

The nanoimprinted perovskite film forms metasurface, with strong modification of optical 

absorption and emission properties. These properties could be further improved by imprint 

structure optimization, and thus benefits perovskite optoelectronic and photonic applications such 

as LEDs and laser. In chapter 7, the nanoimprinted perovskite metasurface will be investigated for 

photoluminescence enhancement. Numerical simulations were performance to find optimum 

metasurface geometry for emission enhancement via dielectric resonance. Such metasurface were 

patterned by nanoimprint with Si nanograting mold, which is fabricated based on modeling. The 

photoluminescence improvement and its temperature dependence were studied.  

Despite nanoimprint is considered as a high-throughput and cost-effective fabrication technique 

for perovskite and organic optoelectronic applications, creating the nanostructured mold could still 
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be expensive and time-consuming as it normally relies on advanced lithography techniques such 

as interference lithography and electron-beam lithography. Nature, on the other hand, has offered 

functional nanostructures on the biological surface, which could be adopted for optoelectronic 

applications through nanoimprint process. In chapter 8, we will investigate bio-inspired 

nanoimprint for application on optoelectronic devices. PDMS mold with negative replication of 

rose nanostructures were fabricated with simple solution casting and curing process, and then used 

for nanoimprint of UV-curable photoresist to form positive replica of rose structures. The 

photoelectrical characterization of photodetectors with incorporated rose structures demonstrated 

performance enhancement, suggesting the potential applications of bio-inspired nanoimprint in 

optoelectronics.  
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CHAPTER 6 

NANOIMPRINTED HYBRID PEROVSKITE PHOTODETECTORS 

     This chapter demonstrates high-performance nanoimprinted perovskite photodetectors. 

Organolead halide perovskite thin film was prepared by solvent engineering process and then 

patterned by thermal nanoimprint (NIL) for the first time. Material characterizations reveals 

improved crystallinity and optical properties for nanoimprinted perovskite film. Metal-

semiconductor-metal photodetectors were fabricated and nanoimprinted devices demonstrate 

significantly improved performance compared to the non-imprinted devices. The devices with 

nanograting patterns demonstrates a high responsivity value of 24.1 A/W under 2 nW/cm2 

illumination of 466 nm and 58.5 A/W under 4.5 nW/cm2 illumination at 635 nm under a bias 

voltage of 1 V. Such performance is ~30 times better than the reference thin-film device and over 

100 times better than the commercial Si photodiode. The performance enhancement is likely due 

to NIL induced better morphology and crystallinity; particularly the nanograting structure is 

favorable in photon absorption and charge carrier transport. This study suggests that the NIL is a 

simple yet effective method to fabricate high-performance perovskite nano-optoelectronic devices, 

and is suitable for high-density device array production and circuit integrations. 

     The contents are adapted with permission from a published article “Nanoimprinted perovskite 

nanograting photodetector with improved efficiency” (ACS Nano, 10(12), pp. 10921 - 10928, 

2016 [100], Copyright © 2016 American Chemical Society). The authors are Honglei Wang, Ross 

Haroldson, Balasubramaniam Balachandran, Alex Zakhidov, Sandeep Sohal, Julia Y Chan, Anvar 

Zakhidov, and Walter Hu. Honglei Wang contributed to the device design, fabrication, surface and 

photoelectrical characterization, and manuscript writing. Ross Haroldson contributed to the thin-
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film processing and UV-Vis measurements. Balasubramaniam Balachandran performed the 

nanoimprint of perovskite samples. Dr. Alex Zakhidov provided helped with PL measurements 

and Dr. Chan helped with XRD measurements. Dr. Anvar Zakhidov advised on experiments and 

manuscript writing. Dr. Hu provided advisory guidance on experiments, data analysis and 

manuscript writing. 

6.1 Introduction 

     Photodetectors that can convert optical signals into electrical signal plays an important role in 

a variety of applications, such as optical communication, digital imaging and environment 

monitoring [101-104].  Nanoscale photodetector enables the opportunity to integrate high density 

devices with the state-of-art integrated circuits, while simultaneously offering high sensitivity, 

ultra-fast response due to high surface-to-volume ratio, and reduced conductive channel 

dimensions [105-107]. Imaging systems with nanoscale pixels are capable of achieving resolution 

beyond the diffraction limit [108]. Materials compatible with conventional silicon electronics or 

flexible substrates are especially attractive. However, most of the nanostructured photodetectors 

reported to date are inorganic-based materials such as carbon nanotubes [109], group II-VI [110, 

111] and group III-V compounds [112]. These materials are synthesized via relatively expensive 

methods such as vapor-liquid-solid or epitaxy, which have difficulty in system level integration 

[113]. 

     Recently, organic-inorganic hybrid perovskites have emerged as promising platforms for 

photodetector application. Hybeid Perovskite photodetectors based on planar photoconductor 

structure and vertical photodiode structure analogue to photovoltaic devices have been reported 

[80-83, 104, 114-120]. The photoconductor using metal-semiconductor-metal (MSM) structure 
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offers the advantage of simplicity and ease of integration while still provides impressive 

performance owing to superior optoelectronic properties of hybrid perovskite. Since the report of 

first perovskite MSM photodetector Hu et al. [83], who utilized an ITO-perovskite-ITO structure 

and achieved a photo responsivity of 3.49 A/W and 0.0367 A/W at 365 nm and 780 nm 

respectively with a 3 V bias, effort has been paid to further improve the MSM photodetector 

performance by improving the perovskite crystalline quality and morphology which greatly affect 

the charge carrier mobility and diffusion length. 

     Towards the implementation of nanoscale hybrid perovskite photodetectors, Horvath et al. [121] 

reported the synthesis of MAPbI3 nanowires with mean diameter of 50 nm to 400 nm and length 

up to 10 μm using a simple slip-coating process. The as-fabricated MSM photodetector, however, 

shows a low responsivity of 5 mA/W. Zhuo et al. [122] also reported the synthesis of porous 

perovskite nanowires using Pb-containing precursors. However, these methods are lack of precise 

controlling of the nanowire position and dimensions. Meanwhile, organolead halide perovskite is 

not compatible with conventional photolithography that is widely used to fabricate nanoscale 

electronic and optoelectronic device and circuits [123]. Therefore, creating nanoscale perovskite 

optoelectronic devices by well-controllable, low-cost fabrication methods while simultaneously 

maintaining high optoelectronic performance remains a major challenge. 

     In this study, nanoimprint is used as a simple and effective method to successfully define micro 

and nanostructures on hybrid perovskite. Imprinted perovskite has acquired improved morphology 

and crystallinity as well as physics properties. Metal-semiconductor-metal photodetectors were 

fabricated based on the active imprinted perovskite film. The device optoelectronic performance 



 

66 

were characterized and compared with non-imprinted counterparts to study the effect of 

nanoimprint on the optoelectronic properties.  

6.2 Nanoimprinted Hybrid Perovskite Material Characterization 

6.2.1 Nanoimprint Process of Hybrid Perovskite 

     In this study, a modified solvent-engineering method reported by Jeon et al. [124], as shown in 

Figure 6-1, was used for MAPbI3 perovskite deposition to form dense and homogenous perovskite 

layer. The perovskite solution was prepared by dissolving 1:1 molar ratio of PbI2 and MAI in a 7:3 

volume ratio of γ-butyrolactone (GBL): N,N'-dimethylsulphoxide (DMSO) solvent mixture in a 

N2 glovebox. The resulting concentration was 1.2 M. The solution was heated for 24 hours at 60 

oC. The solution was then spin-coated onto the Si substrates with 100 nm thick thermal SiO2 or 

glass substrate that were previously ultrasonic cleaned with acetone and treated by oxygen plasma. 

A two-step spin-coating process was used for 22 s at 1000 r.p.m and then 22 s at 5000 r.p.m. 350 

mL of anhydrous toluene was dropped on the film after 12 s into the second spin-coating step. The 

sample was then annealed on a hot plate at 100 oC for 10 mins during which solvents were 

evaporated and a dense and uniform MAPbI3 film was formed with a thickness of about 265 nm. 

The SEM graph of perovskite top surface and cross-section were shown in Figure 6-2. 
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Figure 6-1. Solvent engineering procedures to prepare the uniform and dense perovskite film. 

Reprinted by permission from Springer Nature [Nature Materials] [124], [copyright] (2014). 

 

 
Figure 6-2. SEM (a) top surface and (b) cross-section images of perovskite film prepared by 

modified solvent engineering method. 

 

The schematic of nanoimprint process is illustrated in Figure 6-3. In order to study the 

nanostructure geometry effect on the perovskite film, three different molds - flat surface, nano-

pillar and nanograting structures were used for nanoimprint. The molds were first treated with 

1H,1H,2H,2H-perfluorodecyltrichlorosilane (FDTS) in N-heptone solvent for 5 mins and then 

cleaned with acetone and blow dried with N2. The molds were then annealed at 100 oC for 20 mins. 

Monolayer FDTS was formed on Si molds which served as anti-adhesive purpose in NIL process. 

The Si molds were then placed on the perovskite thin-film coated substrate for imprint. The imprint 

utilized a multi-step process – 90 s at a temperature of 35 oC and a pressure of 2 MPa, 180 s at a 
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temperature of 55 oC and a pressure of 4 MPa, 180 s at a temperature of 75 oC and a pressure of 6 

MPa and then importantly 1200 s at a temperature of 100 oC and a pressure of 7 MPa. The pressure 

was kept at 7 MPa while chamber was cooling down to a temperature of 35 oC. Nanoimprint 

process was then finished and perovskite nanostructures were formed as a negative replication of 

Si molds. Reference samples with as-spincoated perovskite thin films without NIL were also 

prepared.  

 

Figure 6-3. Schematic of NIL process with (a) Si flat mold, (b) Si nano-pillar mold, and (c) Si 

nanograting mold. 

 

The nanoimprinted films were studied by scanning electron microscopy (SEM). The well-

defined perovskite nanohole structures (Figure 6-4(a)) and nanograting structures (Figure 6-4(b)) 

were negative replication of the Si nanopillar mold and nanograting mold respectively. The 

nanoholes have patterned diameter, pitch and depth of 275 nm, 600 nm and 315 nm respectively 

with almost no residual layer. The nanogratings have patterned width, pitch and depth of 270 nm, 

600 nm and 300 nm respectively with a residual thickness of 130 nm. No obvious perovskite 

volume change is observed after NIL. The results have demonstrated that although perovskite is 

an ionic solid and does not have a glass transition behavior like polymers, it can be successfully 

patterned by NIL as it can deform and fill in mold cavities upon applied heat and pressure. 

According to the mechanical properties study by Jing,[125] the hybrid perovskite layer has low 
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shear modulus and is suitable for fabrication of flexible device or compliant device with large 

deformation demand. This result demonstrates that NIL is a convenient and cost-effective 

technique to fabricate perovskite nanostructures.  

 

Figure 6-4. SEM images of perovskite film imprinted with (a) a nanohole mold and (b) a nano-

grating mold. The inset shows the cross-section view. 

 

6.2.2 Material Characterization 

     X-ray diffraction (XRD) was used to study the effect of nanoimprint on the structural order 

and crystallinity of perovskite. The MAPbI3 characteristic peaks which correspond to (110), (220) 

and (310) lattice phases are clearly observed in both non-imprinted and nanoimprinted films, as 

shown in Figure 6-5(a). The sharp (220) reflection of the imprinted MAPbI3 film indicates the 

improved crystallinity (Figure 6-5(b)). The crystallite size of the non-imprinted and nanoimprinted 

films was determined to be 68 nm and 188 nm respectively.  

The positive effect of NIL on perovskite crystallinity and morphology could be explained in the 

way that during nanoimprint with elevated temperature and pressure, the perovskite small grains 

slide towards the mold cavities and collide with each other which form bigger grains and the 

defects such as dislocations, disclinations and vacancies are reduced. Another explanation is that 
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the grain boundaries have been pushed to the perovskite and mold interface during nanoimprint 

and therefore crystal grains are re-defined based on the mold structures. Similar crystallinity and 

morphology improvement has been reported by Xiao et al. [72] using a hot-pressing process as the 

post-treatment of perovskite thin film and Matsushima et al. [126] using hot isostatic pressure 

method. The temperature was also found to have influence on perovskite morphology [127]. 

Therefore, with optimized NIL process of temperature, pressure and time, the morphology and 

crystallinity of the perovskite thin film could be further improved.  

 

Figure 6-5. (a) X-ray diffraction of MAPbI3 non-imprinted film and nano-imprinted film using a 

nanograting mold over an area of 1 cm2. (b) The narrower reflection at (220) hkl reflection after 

NIL indicates the increased crystallinity. (Corresponding to 28.9° in XRD spectrum). 

 

The transmission (Figure 6-6(a)) and reflectance (Figure 6-6(b)) of both non-imprinted and 

nanoimprinted MAPbI3 film on glass substrate were characterized. The imprinted films with 

nanoholes and nanogratings show significantly reduced reflectance for whole spectrum and 

reduced transmission in the wavelength of 550 to 800 nm. The results indicate improved optical 

absorption due to photon trapping effect with periodic nanostructure formed by NIL. Figure 6-6(c) 
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shows a picture of patterned nanohole sample showing iridescence due to 2D photonic crystal 

effects. 

 

Figure 6-6. (a) UV-Vis transmission and (b) reflectance spectra of non-imprinted, flat-imprinted, 

nanohole and nanograting MAPbI3 films. (c) Optical image of the imprinted perovskite nanohole 

sample showing greenish iridescence. 

 

The photoluminescence (PL, Figure 6-7(a)) and PL lifetime (Figure 6-7(b)) were studied. The 

emission peak is located around 780 nm (1.59 eV). The nanoimprinted perovskites demonstrate 

better spontaneous emission properties with approximately 3 times improvement for nanogratings 

and 4 times improvement for nanoholes compared with the non-imprinted thin films. The time-

resolved photoluminescence acquired using a time correlated single photon counting method 

(excitation laser wavelength 435 nm, pulse width 100 fs, repetition rate 1 MHz), demonstrates 
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improved lifetime by NIL: lifetime increases from perovskite thin film (35 ns) to imprinted 

nanogratings (42 ns) and nanoholes (50 ns). 

 

Figure 6-7. (a) Steady-state photoluminescence and (b) time-resolved photoluminescence of 

MAPbI3 thin film, nanogratings and nanoholes. 

6.3  Hybrid Perovskite Photodetectors 

6.3.1 Fabrication Process 

     100 nm SiO2 was thermally grown on a (100) Si wafer. Perovskite thin film was prepared using 

modified alterative solvent engineering method as described previously. Nanoimprint was done 

using previously described profile with three molds – flat, nanopillar and nanograting placed at 

different area in a single process. 300 nm thick gold film was deposited on the perovskite imprinted 

sample as well as the spin-coated reference sample in an e-beam evaporator using a shadow mask. 

The gap between the gold electrode pairs is 25 µm in length and 100 µm in width. The effective 

photodetector area was 2.5×10-5 cm2. Based on the film morphology, four types of devices were 

studied: the conventional non-imprinted thin film perovskite photodetector (tf-PSPD), flat mold 

imprinted perovskite photodetector (flat-PSPD), nanohole perovskite photodetector (nanohole-
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PSPD) and nanograting perovskite photodetector (nanograting-PSPD), as illustrated in Figure 6-

8. It is worth noting that for nanograting-PSPD, the electrode pairs were deposited so that the 

current flow is along the gratings under applied electrical field. 

 

Figure 6-8. 3-D schematic of (a) tf-PSPD, (b) flat-PSPD, (c) nanohole-PSPD and (d) nanograting-

PSPD. 

6.3.2 Optoelectronic Characterization  

     A Keithley 4200 and a Cascade probe station were used to characterize the perovskite 

photodetectors. The devices under dark environment and different illumination conditions were 

tested. A 150 W halogen lamp was used for illumination for all the devices. The schematic 

illustration of photoelectrical tests is shown in Figure 6-9(a) with a nanograting-PSPD. Figure 6-

9(b) shows an example of I-V curve of nanograting-PSPD in the dark and under halogen light 

illumination with irradiance varying from 0.11 mW/cm2 to 7.27 mW/cm2. The linear current-

voltage behavior indicates a good ohmic contact between gold and perovskite. In the dark state, 

the device has a resistance at tens of gigaohms. Under illumination, large amounts of electron-hole 

pairs are generated due to photon absorption, and are subsequently extracted by the electrical field 

which causes a dramatic increase of conductance. The corresponding I-V curve for the tf-PSPD is 

presented in 6-9(c), which shows current 1 order smaller than the nanograting-PSPD under the 

same condition.  

ba c d
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Figure 6-9. (a) Schematic illustration of the photoelectrical test structure with a nanograting-PSPD, 

(b) – (c) I-V characteristics of (a) a nanograting-PSPD and (b) a tf-PSPD with 0.11 mW/cm2 to 

7.27 mW/cm2 halogen light illumination. 

 

At the same voltage, the photocurrent increase gradually with incident light density, as shown 

in Figure 6-10(a) with the example of nanograting PSPD. Figure 6-10(b) shows the temporal 

current of the nanograting-PSPD under 7.27 mW/cm2 halogen lamp illumination with a bias of 1 

V. The light was switched on and off for ten cycles during test. Over 1000 on/off current ratio was 

achieved with dark current as low as 30 pA while illuminated current over 40 nA.  
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Figure 6-10. (a) Current versus irradiance plot of nanograting-PSPD with same voltage bias. (b) 

Temporal current characteristics PSPD of nanograting-PSPD at 7.27mW/cm2 halogen light 

illumination with a bias voltage of 1 V. The light was switched on and off for 10 cycles for 

repeatability test. 

 

To compare the optoelectronic performance between tf-PSPD, flat-PSPD, nanohole-PSPD and 

nanograting-PSPD, their I-V characteristics under 7.27 mW/cm2 halogen light illumination were 

plotted in 6-11(a). One could clearly see that under the same conditions, the flat-PSPD, nanohole-

PSPD and nanograting-PSPD all have large improvement on photocurrent compared with the tf-

PSPD. The nanograting-PSPD has the highest photocurrent, over 35 times of tf-PSPD at a bias of 

1 V. To obtain more reliable performance comparison, multiple devices were tested for each type. 

The corresponding performance distribution under 7.27 mW/cm2 halogen light illumination are 

shown 6-11(b). 
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Figure 6-11. (a) I-V characteristic comparison of tf-PSPD, flat-PSPD, nanohole-PSPD and 

nanograting PSPD at 7.27 mW/cm2 halogen light illumination in logarithmic scale. The inset 

shows the same curves in linear scale. (b) Current distribution of all four types of devices under 

7.27 mW/cm2 halogen light illumination with a bias voltage of 1V. The mean values with standard 

deviation are indicated in the plot for each type. 
 

 Responsivity is widely used to evaluate the efficiency of a photodetector responding to an 

optical signal. It is defined as the ratio of the photocurrent to the illumination power, as expressed 

by, 

R =
𝐼𝑝ℎ

𝐿𝑙𝑖𝑔ℎ𝑡×𝑆
                                                                        (2.1) 

Where Llight is the incident light power density, S is the effective area, and Iph represents the photocurrent 

as given by, 

    𝐼𝑝ℎ = 𝐼𝑖𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑒𝑑 − 𝐼𝑑𝑎𝑟𝑘                                                           (2.2) 

Where Iilluminated and Idark are the current with and without illumination respectively. Besides responsivity, 

the on/off ratio which is represented by illuminated current divided by the dark current is another 

important parameter for photodetector. The calculated photodetector parameters along with their 

geometries were summarized in Table 6-1. All the nanoimprinted devices showed significantly 
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enhanced performance, i.e. responsivity R and on/off ratio are over 10 times and 5 times higher 

than the non-imprinted devices, respectively. Particularly, in the dark environment, Idark has also 

increased by 3 times for the flat-PSPD, 2.4 times for nanohole-PSPD and 5 times for nanograting-

PSPD, which should be attributed to the improvement of charge carrier transport in the NIL films 

under applied electrical field. 

Table 6-1 Performance and geometry comparison of tf-PSPD, flat-PSPD, nanohole-PSPD and 

nanograting-PSPD devices.  

Parameter Tf-PSPD Flat-PSPD 
Nanohole-

PSPD 

Nanograting-

PSPD 

Thickness (nm) 265 265 315 300, residue 130 

Pattern Width (nm)  N/A N/A 275 270 

Pattern Pitch  (nm) N/A N/A 600 600 

Responsivity* 1 15.4 11.9 34.7 

On/off ratio* 1 5.2 5.0 6.9 

Dark current* 1 3.0 2.4 5.0 

* Value of responsivity, on/off ratio and dark current are normalized to the results of tf-PSPD.  

 

To study whether thermal annealing during NIL was the primary cause of performance 

enhancement of nanoimprinted devices, another set of perovskite thin-film samples were prepared 

and the corresponding MSM photodetectors were fabricated. One sample was annealed at 100 oC 

for 10 minutes while another was annealed for 30 minutes at the same temperature during the 

perovskite thin-film preparation process. Their photodetector performance was characterized and 

presented in Figure 6-12. The devices with 30 minutes annealing show relatively worse 
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performance suggesting possible degradation due to long-time thermal treatment. The results 

indicate the improvement of nanoimprinted devices were caused by the combined effect of 

elevated pressure and temperature during NIL, especially with confined nanostructures. 

 

Figure 6-12. Performance comparison between tf-PSPDs with 10 minutes thermal annealing and 

30 minutes thermal annealing of (a) photocurrent under 7.27 mW/cm2 halogen light illumination, 

(b) dark current and (c) on/off ratio. 10 devices were tested for each condition with a bias voltage 

of 1 V. 

 

For a photodetector, several processes including photon absorption, electron-hole generation, 

carrier transport and recombination would determine the performance [128]. The results of SEM 

and XRD have shown that NIL has caused the improvement of morphology and crystallinity, 

which plays a positive role in multiple processes. First, the carrier transport and mobility would 

increase,[80] as the charge carriers encounter less scattering at the grain boundaries or defects. 

Therefore, both the illuminated current and dark currents increase significantly in the NIL 

imprinted samples. Secondly, it will result in longer electron-hole recombination lifetime [72], 
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which is verified through PL lifetime tests. Both improvements on mobility and carrier lifetime 

lead to longer diffusion length. These effects contribute to the dramatically improved photocurrent 

and thus responsivity for the nanoimprinted photodetectors. The comparable on/off ratio between 

flat-PSPD and nanohole-PSPD indicates the charge carrier transport might be the primary cause 

of the inferior performance of nanohole-PSPD. The vertical nanohole arrays could hinder the 

carrier transport since the charge carriers suffer from severe surface scattering driven by the 

electrical field. The gratings, on the other hand, largely enhanced the carrier transport due to well 

aligned conductive channels along the electrical field and ordered crystal grains to reduce surface 

and grain boundary scattering. The nanograting structure is also suitable for photon management 

due to 1-dimensional photonic bandgap effect [129, 130]. Therefore, the nanograting-PSPDs 

deliver the best performance in these samples with 35-fold higher responsivity and 7-fold higher 

on/off current ratio than the tf-PSPD.  It is noted that due to the limitation of the mold depth, the 

nanograting-PSPD has a residual layer of 130 nm that also contributes to the total device current. 

By further optimizing the mold geometry, we expect the residual-layer-free nanogratings to have 

even higher performance. 

6.3.3 Perovskite Nanograting Photodetectors with High Sensitivity 

     The nanograting-PSPDs, tf-PSPD and a commercial Si photodiode were tested under 

monochromatic LED illumination at  = 466 nm and  = 635nm. Both tf-PSPD and nanograting-

PSPD were biased at 1 V while the Si photodiode was reverse biased at 10 V. The irradiance was 

evaluated with the Si photodiode and the corresponding photodetector current versus irradiance 

were plotted in Figure 6-13. The nanograting-PSPD shows much higher current than the tf-PSPD. 
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One should note that the Si photodiode has the largest current as its effective radiant sensitive area 

is over 3000 times of our perovskite photodetectors, while the current per effective illuminated 

area under the same irradiance is concerned here. Figure 6-14 shows the calculated photodetector 

responsivity versus irradiance at =466 nm (Figure 6-14(a)) and =635nm (Figure 6-14(b)) with 

a bias voltage of 1 V. It is observed that generally with decrease of the light intensity, the 

responsivity increased. The results were in agreement with the literature.[104, 118, 119] The 

performance of nanograting-PSPD was superior to the tf-PSPD, similar to the results of halogen 

light illumination tests. At  = 466 nm (Figure 6-14(a)), the tf-PSPD has only R = 0.16 A/W while 

nanograting-PSPD has R = 3.23 A/W under 1 µW/cm2 illumination. With 2 nW/cm2 irradiance, 

the nanograting-PSPD has R = 24.1 A/W which is 100 times of that of the commercial Si 

photodiode (0.12 A/W). Similarly, at illumination of  = 635 nm (Figure 6-14(b), the nanograting-  

 

Figure 6-13. Plot of photodetector current vs irradiance at (a) =466 nm and (b) =635 nm. The 

irradiance was evaluated with the Si photodiode, which has a responsivity of 0.12 A/W at =466 

nm and 0.3 A/W at =635 nm. The lowest irradiance was chosen to be the three sigma value of 

the Si photodetector dark current distribution. 
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PSPD has R = 6.2 A/W, which is over 30 times of tf-PSPD and 20 times of the commercial Si 

photodiode under 1 µW/cm2 irradiance. At 4.5 nW/cm2 irradiance, the responsivity of nanograting-

PSPD has increased to 58.5 A/W, which is 100 times over the commercial Si photodiode (0.3 

A/W). Both devices show better response at =635 nm than at 466 nm. The imprinted nanograting-

PSPDs also out-perform the previously reported hybrid perovskite nanowire [121, 122, 131, 132] 

and thin film photodetectors [83, 118, 133, 134]. 

 

Figure 6-14. Irradiance dependent responsivity plot at (a) =466 nm and (b) =635 nm. Red curve 

represents the nanograting-PSPD and blue curve represents the tf-PSPD. The right Y-axis 

illustrates the relative responsivity normalized to the Si photodiode. Both perovskite 

photodetectors were biased at 1 V, while the Si photodiode was reverse biased at 10 V. 

6.4 Summary 

      In summary, we report the successful use of nanoimprint lithography to define hybrid 

perovskite into micro and nanostructures by the first time. The spin-coated perovskite 

demonstrated improved morphology and crystallinity with reduced pinholes and defects after 

nanoimprint. The perovskite imprinted with nanograting and nanohole mold shows much reduced 

transmission and reflectance suggesting strong light management effect by forming photonic 
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crystal structures. The imprinted perovskite also demonstrates enhanced photoluminance and 

longer PL lifetime. These properties change are desirable for optoelectronic applications. Planar 

metal-semiconductor-metal photodetectors were fabricated on the imprinted perovskite as well as 

reference thin films and their optoelectronic performance were characterized. All of the 

nanoimprinted devices demonstrated significantly improved performance compared to non-

imprinted devices while the devices with nanograting structures are the best. The nanograting-

PSPD has a high responsivity value of 24.1 A/W at 2 nW/cm2 LED illumination of  = 466 nm 

and 58.5 A/W at 4.5 nW/cm2 illumination of  = 635 nm with a bias voltage of 1 V. Such 

performance is ~30 times better than the tf-PSPD and over 100 times better than the commercial 

Si photodiode. The performance enhancement is likely due to NIL induced better morphology and 

crystallinity; particularly the nanograting structure is favorable in photon absorption and charge 

carrier transport. This study demonstrated that NIL is a simple yet effective way to fabricate high 

performance nanoscale optoelectronic devices using emerging hybrid perovskite materials, which 

is suitable for electronic circuit integration and manufacturing. 
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CHAPTER 7 

NANOIMPRINTED HYBRID PEROVSKITE METASURFACE 

     This chapter demonstrates nanoimprinted perovskite metasurface for enhanced 

photoluminescence. Organolead halide perovskite was patterned by thermal nanoimprint (NIL), 

which show significantly improved surface morphology, and strong modification of optical 

absorption and emission properties. Numerical calculation was conducted which revealed an 

optimal metasurface geometry for emission enhancement via dielectric resonance. Such 

metasurface was constructed by nanoimprint with a Si nanograting mold, which is fabricated by 

e-beam lithography and plasma etching. The nanoimprinted perovskite nanograting metasurface 

revealed an eight-fold enhancement in photoluminescence intensity. Temperature-dependent 

photoluminescence was also investigated. This study suggests thermal nanoimprint is a simple and 

cost-effective technique to pattern perovskite-based metasurface, which is useful for perovskite 

optoelectronic and photonic metadevices such as high-efficient LEDs, photodetectors, 

photovoltaics cells and lasers. 

     The contents are adapted with permission from a published article “Nanoimprinted perovskite 

nanograting metasurface for enhanced photoluminescence” (Optics Express, 25(24), pp. 

A1162 – A1171, 2017[135], Copyright © 2017 The Optical Society). The authors are Honglei 

Wang, Shih-Chia Liu, Balasubramaniam Balachandran, Jiyoung Moon, Ross Haroldson, Zhitong 

Li, Artur Ishteev, Qing Gu, Weidong Zhou, Anvar Zakhidov, and Walter Hu. Honglei Wang 

contributed to the experimental design, fabrication, surface characterization, data analysis and 

manuscript writing. Shih-Chia Liu contributed to PL measurements and data analysis. 

Balasubramaniam Balachandran performed the nanoimprint of perovskite samples. Jiyoung Moon 
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contributed to mold fabrication. Ross Haroldson contributed to the thin-film processing and UV-

Vis measurements. Zhitong Li provided suggestions on data analysis. Dr. Gu, Dr. Zhou and Dr. 

Zakhidov provided guidance on simulation, PL measurements, data analysis and manuscript 

writing. Dr. Hu provided advisory guidance on experimental design, fabrication, data analysis and 

manuscript writing. 

7.1 Introduction 

     Metasurface allow modulation of electromagnetic properties of natural materials to achieve 

special optical functionalities by sub-wavelength structure engineering [136].  Early realization of 

such artificial planar surfaces are based on noble plasmonic metals, which suffer from high energy 

dissipation due to ohmic losses, and, as a consequence, compromised device efficiency [137]. 

Recently, all-dielectric metasurfaces have attracted research interest due to use of various strong 

Mie-type resonances originated nanostructures as potentially low-loss platform [138]. A variety of 

functionalities such as optical wavefront molding [139], polarization beamsplitter [140], and 

enhanced photoluminescence [141] have been demonstrated on all-dielectric metasurfaces. 

Ascribed to the outstanding optoelectronic properties of hybrid organo-halide perovskites, they 

could serve as powerful alternative materials for realizing high-index, low-loss all-dielectric 

metasurfaces, implemented by nanostructures patterning through thermal nanoimprint process. In 

this study, we investigate nanoimprinted perovskite with modeling based pre-designed 

nanograting metasurfaces both numerically and experimentally. We demonstrate strong 

modification of perovskite optical absorption and emission properties, which is useful for studying 

perovskite-based metadevices such as high-efficient light-emitting diodes and lasers.  

 



 

85 

7.2 Absorption Properties of Nanoimprinted Metasurface 

     The perovskite reference thin film with a thickness of 265 nm (Figure 7-1(a)), and the imprinted 

metasurface with a grating period, width, depth, and residue thickness of 600 nm, 270 nm, 300 nm 

and 130 nm respectively (Figure 7-1(b)), fabricated on glass substrate with the process depicted in 

Chapter 6.2.1, were characterized for transmittance (Figure 7-1(c)) and reflectance (Figure 7-1(d)). 

The NIL nanograting metasurface demonstrated significantly reduced transmittance over the entire 

spectrum and reduced reflectance for wavelength smaller than 930 nm. A transmission dip and 

reflection peak were observed on the nanograting metasurface at the wavelength around 1000 nm. 

The absorption of perovskite metasurface and reference thin film were calculated by A = 1 – T - 

R, where A, T and R are absorption, transmittance and reflectance respectively, assuming T and R 

equals the measured transmittance and reflectance values respectively. The resulting absorption 

spectra are presented in Figure 7-1(e). The NIL metasurface demonstrated strong light trapping 

effect with significantly enhanced absorption for photon energy above 1.2 eV (1050 nm). The 

absorption peak of the nanograting metasurface at the at the photon energy around 1.25 eV (1015 

nm) is correlated with optical resonance due to metasurface structuring. The absorption value 

occasionally falls below zero for photon energy below 1.6 eV (790 nm), which is caused by test 

error of transmittance and reflectance. The optical bangap Eg of MAPbI3 was determined by Tauc 

plot[142] - (αhν)2 versus hν for direct allowed transition, where α is absorption coefficient and hν 

is photon energy. As shown in Figure 7-1(f), the linear extrapolation of perovskite thin film 

revealed the material bandgap of 1.58 eV. The optical characterization results indicated the NIL 

metasurface modulates photonic band structure, density of states, as well as possibly improves 

inherent material proprieties (e.g. defect density). Such strong photon management effect could be 
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Figure 7-1. Surface morphology and optical absorption properties of MAPbI3 thin film and NIL 

metasurface. SEM images of surface morphology of (a) perovskite thin film and (b) NIL perovskite 

nanograting metasurface. (c) Transmittance, (d) reflectance and (e) calculated absorption spectra 

of perovskite reference thin film and NIL nanograting metasurface. (f) Plot of (αhν)2 versus hν for 

direct transitions in MAPbI3 thin film and metasurface, where α is absorption coefficient and hν is 

photon energy. The perovskite optical bandgap Eg is obtained by extrapolation to (αhν)2 = 0. 
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utilized for photovoltaic as well as optoelectronic applications. 

7.3 Nanoimprinted Perovskite Metasurface with Enhanced Emission  

7.3.1 Numerical Simulations 

     Enhanced emission is expected by perovskite metasurface geometry optimization for optical 

cavity resonance. Numerical simulation of perovskite nanograting metasurface was conducted 

using the finite-difference time-domain (FDTD) method. Figure 7-2(a) illustrates the cross-section 

view of metasurface structure consisting of Si substrate, silicon oxide layer, and perovskite 

nanograting layer. An optimal cavity geometry was found by simulation – grating period of 350 

nm, trench width of 105 nm, trench depth of 160 nm, and residue thickness of 160 nm, on 300 nm 

thick oxide layer. Figure 7-2(b) illustrates the calculated optical transmission spectrum of the 

structure depicted in Figure 7-2(a), where several dips are observed in the wavelength range 

between 700 nm to 840 nm. The blue-solid lines represent the transverse electric (TE, s) and red-

dashed lines the transverse magnetic (TM, p) polarizations. Two sharp dips around 710 nm (Ap, 

TM polarization) and 790 nm (Bs, TE polarization) indicated the existence of high-quality (Q) 

cavity modes. The Q factors are obtained by Fano fitting the guided resonances in transmission 

spectra. The cavity Q factors of Ap and Bs modes were calculated to be 3.9 × 103 and 5.2 × 103, 

respectively. Note that infinite grating length with only radiation loss was considered. Figure 7-

2(c) shows simulated electrical field distribution distribution along the z-axis direction for highest-

Q factor mode Bs under oblique incidence of 0.5 o. The field maximums were observed in 

perovskite close to the trench bottom corner.  
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Figure 7-2. (a) Schematic and numerical simulations of MAPbI3 nanograting metasurface. (a) 

Schematic structure cross-section with an optimal geometry. The corresponding simulated results 

of (b) optical transmission spectrum and (c) electrical field distribution for the highest-Q mode Bs. 

 

7.3.2 Fabrication of Modeling-Based Metasurface 

     The computer modeling based pre-designed silicon (Si) nanograting mold was fabricated by 

electron-beam lithography (EBL) with hydrogen silsesquioxane (HSQ) resist, followed by plasma 

etching for pattern transfer. A (100) lightly p-doped Si wafer was used and first ultrasonic cleaned 

with acetone and isopropanol (IPA). 30 nm thick HSQ (Dow Corning Co. XR1541 2%) film was 

spincoated on the Si substrates at 3000 r.p.m. for 60 s and baked at 90 oC for 5 mins. The EBL of 

HSQ gratings is done by a Raith 150-Two EBL tool at 30 KeV with a 30 µm aperture. 16 different 

patterns with a fixed periodicity of 350 nm in an area of 105 µm × 105 µm per pattern (300 periods) 

were formed. The nanograting width was varied from ~ 80 nm to 130 nm. The HSQ patterns were 

developed in 20 wt % tetramethyl-ammonium-hydroxide (TMAH) solution at 38 oC for 60s. Si 

substrate was etched to a depth of ~160 nm by inductively coupled plasma (ICP) with chlorine 

chemistry (Cl2 50 sccm, DC power 50 W, ICP power 150 W, Plasma-Therm Versaline ICP 

system). Lastly, the remaining HSQ was removed by 20:1 buffered oxide etch (BOE) for 90s. 

Figure 7-3(a) shows the SEM of fabricated Si nanograting mold. The mold is used to create 
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negative replication on perovskite film, as shown in Figure 7-3(b). The process for perovskite 

deposition and nanoimprint are discussed in Chapter 6.2.1.  

 

Figure 7-3. SEM graph of (a) a Si nanograting mold, with structure width, period and depth of 140 

nm, 350 nm and 240 nm, respectively and (b) nanoimprinted perovskite with negative replication 

of (a). 

 

7.3.3 Photoluminescence Characterization 

     The optical emission properties of the perovskite reference thin films and NIL nanograting 

metasurfaces were characterized. The room-temperature PL results are presented in Figure 7-4. 

The perovskite reference thin film shows a PL peak wavelength at 763 nm with a full width at half 

maximum (FWHM) of 44 nm. The PL peak shows a positive deviation of 50 meV from Tauc plot 

assuming direct bandgap, which likely results from UV-Vis or PL measurement error or MAPbI3 

unusual band structures or charge carrier dynamics where controversies existed. Significant 

improved PL properties were observed with perovskite imprinted nanograting metasurface. The 

metasurface with a periodicity of 350 nm and trench width of 105 nm demonstrated a 6-fold 

improvement of PL intensity and a 2-fold reduction of FWHM, while a higher performance with 

an 8-fold enhancement of PL intensity was correlated with a periodicity of 350 nm and a larger 
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trench width of 125 nm. The result slightly deviated from our numerical simulation possibly due 

to non-uniformity, defects, or dimensional variation in the imprinted samples. Two narrow 

amplified spontaneous emission (ASE) peaks at wavelengths around 780 nm and 810 nm were 

identified in the PL spectrum, which were corresponded to the cavity mode As (TE, 760 nm) and 

Bs (TE, 790 nm) in Figure 7-2(b) respectively. The red shift of PL peaks compared to the 

simulation was ascribed to the possible difference of material refractive index (a constant refractive 

index of 2.5 was used in simulation) and structural dimensions (uniform distributions of grating 

width and straight grating sidewall were assumed in simulation). Despite of its lower Q factor 

compared to Bs mode, As mode contributed to stronger ASE due to higher material gain at 780 nm. 

Small blue shifts of ASE peaks were observed by increasing trench width from 105 nm to 125 nm. 

Besides the optical cavity resonance, NIL metasurface shows improved photon absorption (Figure 

7-1(c-d)), increased local density of states and improved carrier lifetime, which could also 

contribute to the PL enhancement. Further emission improvement is expected by optimizing the 

geometry design to tune the highest-Q factor mode into the center of material gain spectrum, and 

optimizing fabrication process to acquire better control on structure size (e.g. imprint depth) and 

surface morphology (e.g. sidewall roughness). 
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Figure 7-4. Steady-state PL spectra of perovskite thin film (thickness 265 nm) and NIL nanograting 

metasurface with a trench width of 105 nm (red) and 125 nm (blue), a periodicity of 350 nm and 

a depth around 100 nm with a residue thickness of 200 nm, pumped with a laser power of 0.3 mW 

at room temperature. 

 

     The temperature-dependent PL spectra of perovskite reference thin film (Figure 7-5(a)) and 

NIL nanograting metasurface (Figure 7-5(b)) were further characterized. As illustrated in Figure 

5(a), as the temperature decreases, the PL intensity increased along with reduced linewidth, 

accommodated by red shift of emission peak. These behaviors were also demonstrated in the plot 

of PL intensity versus temperature (Figure 7-5(c)) and PL peak wavelength versus temperature 

(Figure 7-5(d)), in which over 22-fold intensity improvement and a peak shift from 763 nm to 785 

nm were correlated with the temperature decreasing from 300 K to 100 K. The red shift, while 

unconventional in semiconductor materials, has been reported on hybrid perovskite materials [143, 

144]. The bandgap energy of perovskite has positive relationship with temperature within same 

crystallographic phase, which is ascribed to the interplay between electron-phonon 
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renormalization and thermal expansion. An additional PL peak at wavelength around 740 nm 

emerged at a temperature of 100 K, which resulted from the structural phase change of MAPbI3 

from tetragonal to orthorhombic that contributed to a significant blue shift in PL spectra. The dual 

PL peaks indicated the coexistence of crystallographic phases at 100 K for perovskite prepared by 

the modified solvent engineering method. The results generally agree well with other solution-

processed perovskite thin films measured under low-temperature [143, 144]. The imprinted 

nanograting metasurface demonstrated some temperature-dependent behaviors similar to reference 

thin film such as increased intensity with reduced linewidth by decreasing temperature, as well as 

the emergence of phase-transition-related PL peak at 740 nm under a temperature of 100 K (Figure 

7-5(b)). A ~ 6-fold PL intensity enhancement as temperature decreasing from 300 K to 100 K was 

revealed for nanograting metasurface in Figure 7-5(c). Gradual red shift of PL peak from 780 nm 

to 786 nm was observed for temperature decreasing from 300 K to 150 K, while a significant blue 

shift to 768 nm occurred under a temperature of 100 K (Figure 7-5(d)). This blue shift should be 

attributed to arose of strong cavity resonance corresponding to the TM mode Bp. As temperature 

decreases, the gain spectrum blue shifts while the ASE peaks corresponding to mode As and Bs 

red shifts. Therefore, the Bp mode (768 nm) acquired higher material gain than As mode (792 nm) 

at 100 K, contributing to the sharp ASE peak (Figure 7-5(b)). Figure 7-5e illustrated the power-

dependent PL spectrum of imprinted metasurface at 100 K, in which spectrum narrowing at Bp 

mode was observed with FWHM reduced from 32 nm to 12 nm as power increases from 0.01 mW 

to 0.2 mW. The PL intensity enhancement of metasurface compared to thin film was suppressed 

under low temperature. This is because although material gain increases as temperature decrease, 

the blue shift of the gain spectrum in combination with the red shift of the mode wavelength results 
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in a net reduction in optical gain for the As mode. Meanwhile, the PL peak at 100 K was correlated 

with Bp mode with lower Q-factor. Further improvement is expected by geometry optimization for 

emission wavelength tuning of high-Q factor modes. 

 

Figure 7-5. Temperature-dependent PL characteristics of MAPbI3 reference thin film and NIL 

nanograting metasurface with a trench width of 125 nm. PL spectra of (a) thin film and (b) NIL 

nanograting metasurface with a temperature ranging from 300 K to 100 K, pumped with a power 

of 0.2 mW. Plots of (c) PL intensity versus temperature and (d) PL peak wavelength versus 

temperature for both reference thin film and NIL nanograting metasurface. (e) Power-dependent 

PL spectra of NIL nanograting metasurface at a temperature of 100 K. 

    

7.4 Summary 

     In summary, hybrid organohalide perovskite metasurfaces have been formed by thermal 

nanoimprint, which demonstrated significantly enhanced optical properties. Numerical calculation 

indicated emission improvement is feasible via metasurface geometry optimization for better 

dielectric resonances. The optimized metasurface with smaller periodicity of 350 nm as compared 

to earlier studied 600 nm was constructed by nanoimprinting using a newly designed Si 
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nanograting mold, which is house fabricated by e-beam lithography and plasma etching. Amplified 

spontaneous emission has been observed with an 8-fold enhancement of PL intensity. Such 

enhancement is due to photonic crystal cavity resonance by the proper metasurface design as well 

as improved photon absorption and longer carrier lifetime due to nanoimprinting. Temperature 

dependent PL measurements of NIL perovskite metasurface demonstrated similar spectral 

evolution as the perovskite thin films – a general red shift accommodated by increased PL intensity 

and reduced linewidth by decreasing temperature, with additional PL peak indicating coexistence 

of crystallographic phases at a low temperature of ~ 100 K. A blue shift of PL peak was observed 

on NIL nanograting metasurface at 100 K, ascribing to the emergence of strong ASE relating to a 

new cavity mode with higher material gain. Further metasurface emission enhancement is expected 

by improving metasurface design, mold fabrication and nanoimprinting process. We believe that 

thermal NIL is a simple and cost-effective method for patterning large-scale, low-loss and high-

index organo-halide perovskite metasurfaces, which is useful for perovskite optoelectronic and 

photonic metadevices such as high-efficient LEDs, photodetectors, photovoltaics cells and lasers. 
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CHAPTER 8 

BIO-INSPIRED NANOIMPRINT FOR OPTOELECTRONICS 

     This chapter demonstrates nanostructures with enhanced photon management reproduced from 

biological surface for optoelectronics. A variety of rose petals were investigated to study the 

functional surface architecture. Polydimethylsiloxane (PDMS) molds with negative rose 

hierarchical structures were fabricated by casting PDMS solution on top of rose petal followed by 

a temperature-assisted curing process. Photoresist films were then patterned by UV nanoimprint 

with PDMS molds, which demonstrates uniform replications of rose micro-convex cells with 

nanofolding details in centimeter scale. The photoresist replica of rose nanostructures was then 

incorporated onto the surface of photodetectors, which largely enhanced the responsivity due to 

light management effect. This study suggests the imprint process with PDMS is a high-fidelity and 

cost-effective method to reproduce functional nanostructures from biological surfaces, which has 

potential for applications in photovoltaic and optoelectronics. 

     The contents are adapted with permission from a published article “Bio-inspired 

Nanoimprinted Structures for Enhanced Light Management” (Journal of Vacuum Science & 

Technology B, 35(6), pp. 06GJ02, 2017 [145], Copyright © 2017 AIP Publishing). The authors 

are Honglei Wang, Yuchen Liang, Samantha Cheng, Benjamin Li, Andrew Li, George Du, and 

Walter Hu. Honglei Wang contributed to the experimental design, fabrication, surface and 

electrical characterization, data analysis and manuscript writing. Yuchen Liang contributed to the 

fabrication process. Samantha Cheng, Benjamin Li, Andrew Li, and George Du contributed to the 

fabrication process and electrical characterization. Dr. Hu provided advisory guidance on 

experimental design, fabrication, characterization, data analysis and manuscript writing. 
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8.1 Introduction 

     One of the critical elements required for nanoimprint is the mold with pre-defined 

nanostructures. For thermal nanoimprint, the mold is usually made by silicon, dielectric (silicon 

dioxide, silicon nitride or silicon carbide) or metals [146]. For UV-nanoimprint, the mold is usually 

transparent material such as silicon dioxide or Polydimethylsiloxane (PDMS). Although 

nanoimprint lithography is a cost-effective fabrication technique as it has high throughput with 

simple process, creating such nanostructures on the mold could still be expensive. Most of the 

mold fabrication relies on the conventional advanced high-resolution lithography such as 

interference lithography for periodic structure or electron-beam (e-beam) lithography [146]. 

Particularly, patterning nanostructures in large area with e-beam could be very expensive and time-

consuming. 

     On the other hand, nature has offered us a lot of inspirations for designing and fabricating new 

functional materials and structures [147, 148]. The biological surface, as the first interface between 

the nature creatures and surrounding environment, has developed multiple functions during 

uninterrupted evolutions [149, 150]. The moth eyes, for example, have sub-wavelength cornel 

nipple array structures, which act as an effective medium with gradually changed refractive index 

[151]. The butterfly wing scales have multilayer ridge array structures, and show beautiful 

iridescence due to photonic crystal effects [152].  Both moth eyes and butterfly wings have been 

extensively studied and imitated to form anti-reflection and light trapping layers. Besides animal 

surfaces, the surface of plants including flowers [153] and leaves [154] also feature intelligent and 

interesting structures and surface architectures. While the color of plants is normally pigment-

based, the micro and nano hierarchical surface structures strengthen the color saturation by 
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reducing light reflection and re-directing photons to strike pigments [155]. With such light trapping 

mechanism, flowers appear more attractive for pollinators while leaves could sustain metabolism 

in low-light environment via photosynthesis [156]. Reproducing such functional surface structures 

would enable a lot of applications such as forming super-hydrophobic surface for water repellent 

or self-cleaning [149], and light harvesting element for photovoltaic and optoelectronic devices 

[157]. However, the research on plant surfaces and their inspired microfabrication are still limited 

to date compared with animal counterparts.  

     Rose, as one of the most popular flowers over the world, is known for its beauty and fragrance. 

Previously, L. Feng et. al. [153] discovered rose structure-based super-hydrophobic property with 

high water-adhesive force so call “petal effect”. Direct mimic of the three-dimensional hierarchical 

structures by advanced lithography techniques is very challenging and expensive. Replication via 

nanoimprint or molding, provides advantages of low-cost and high-throughput. A two-step transfer 

process by first generating a negative replica and then forming a positive replica is usually involved. 

Successful replication of rose surface structures have been reported with polystyrene [151], epoxy 

resin [158] and UV-curing resist [157]. R. Hünig et. al [157] also demonstrated reduced broadband 

reflection and improved solar cells performance by coating resist replica of the Rosa ‘El Toro’. 

Inspired by their work, here we studied the diverse surface structures of rose petals, and 

successfully replicated the hierarchical structures by a simple and low-cost process. The PDMS 

negative replica was first synthesized via solution mixing and curing. Photoresist positive replica 

was then formed by UV-imprint with the PDMS mold. The imprinted rose structures were further 

incorporated on photodetectors which demonstrate improved sensitivity. 
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8.2 Bio-inspired Nanoimprint Process 

     Roses with a variety of species and colors were collected to study their relation with surface 

structures. Fresh roses without pre-treatment were used to avoid collapse of surface structures due 

to dehydration. Rose samples were prepared by cutting off from the flat part of the rose petals, 

which is usually in the size of a few square centimeters. 

     In order to replicate the rose hierarchical structures, the PDMS mold with negative replica was 

first prepared as shown in the schematic of Figure 8-1. First, the PDMS solution was synthesized 

from the pre-polymer (Momentive RTV 615A) and cross-linking agent (Momentive RTV 615B) 

in a 10:1 volume ratio in a glass beaker. Then the glass beaker was placed in a low-vacuum 

chamber for 1 hour to evacuate the air bubbles that may cause defects in replication. After that, 

the rose samples were placed in a petri-dish with front-side facing up and the PDMS solution was 

transferred into the petri-dish. The petri-dish was then placed back in the low-vacuum chamber for 

another 20 mins, which further evacuate air bubbles that introduced during PDMS solution 

transfer. The rose hierarchical structures were conserved in the low-vacuum environment under 

shelter of PDMS solutions. After that, the PDMS/rose assembly was heated for one hour at 60 oC. 

The temperature was chosen to facilitate the PDMS curing process while reserving the shape and 

structures of the rose petals. Finally, the hardened PDMS/rose assembly was carefully removed 

from the petri-dish with razor blade after cooling down to room temperature. In order to separate 

the PDMS mold from rose petals, the PDMS/rose assembly was soaked in heated piranha solution 

(mixture of sulfuric acid and hydrogen peroxide in 2: 1 volume ratio) at 110 oC for 10 mins. The 

PDMS negative replica was completed after rinsing with deionized water and blow dried with 

nitrogen. 
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Figure 8-1. (a) Photograph The schematic of process to create PDMS mold with negative 

replication of rose petal structures. 

 

     Positive replica of rose structures in photoresist films were created by UV-imprint with the 

PDMS molds, as shown in Figure 8-2. A droplet of SU-8 2002 from MicroChem was placed on 

the substrate, and carefully pressed with the PDMS mold to ensure contact without air bubbles. 

The photoresist was then cured with 350 nm UV at an irradiance of 30 mW/cm2 for 10 mins in an 

Electro-Lite Electro-Cure 500 light exposure system. Finally, the PDMS mold was carefully 

separated from the SU-8 2002 coated substrate, which leaving positive replication of rose 

structures. 

 

Figure 8-2. The schematic imprint process of with PDMS mold to create positive replica of rose 

structures. 
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8.3 Surface Nanostructure Characterization 

     The rose hierarchical structures were reported to be capable of reducing light reflection and 

increasing light absorption for color strengthen. The morphology of a variety of rose petals was 

investigated with SEM. Figure 8-3(a) shows the rose featuring uniform and closely packed micro-

convex cells, which is referred as micropapillaes [159], with diameter around 20 to 30 µm. The 

individual micropapillae also demonstrated cuticular foldings with irregular ridges in a few 

hundred nanometers to a few micrometers (Figure 8-3(a), inset). More folding details were 

observed on the top of micropapillae compared with the sidewalls. Figure 8-3(b) shows the rose 

with only micro-convex structures but without nanofoldings. The aspect ratio of its micropapillae, 

defined as the ratio of vertical depth to base diameter, is much higher than that of most flower 

petals reported by the literature (Figure 8-3(b), inset) [160]. The two different rose morphologies 

represent the diversity of functional surface developed during evolution. It was reported that both 

micropapillae with high aspect ratio and nanofoldings would benefit the light trapping [160]. In 

particularly, specular reflection is largely reduced ascribed to multiple reflections between 

micropapillaes. Figure 8-3(c) and Figure 8-3(d) shows the hierarchical structures of same rose 

rosoideae species with yellow and pink color respectively. No obvious micropapillae and cuticular 

folding structure difference were observed, which indicated the colors are chemical pigment-based. 

However, the color intensity could be enhanced with surface hierarchical structures as more light 

could be absorbed by the pigments ascribed to reduced reflection and photon re-direction. 

Therefore, the roses appear more optically attractive for the pollinators. Note that the 

micropapillaes and nanofolding structure shrinkage were observed in all SEM characterized rose 
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petals, with Rosoideae rosa showing most severe shrinkage or collapse, ascribing to the 

dehydration of cells in high-vacuum chamber.  

 

Figure 8-3. SEM micrographs of rose petal surface morphology. (a) Rose hierarchical structure 

with micropapillaes and cuticular nanofoldings; inset shows nanofolding structures with higher 

magnification. (b) Rose with only micropapillae structures; inset shows high aspect ratio 

micropapillaes with tilted view at 45o. (c) - (d) Rosoideae rosa hierarchical structure with (c) 

yellow and (d) pink color respectively.  

 

     The PDMS negative replica was characterized with SEM and a typical micrograph of the 

surface morphology was shown in Figure 8-4(a). The homogeneous and uniform micro-concave 

cells are negative replication of the rose micropapillaes. The nanofolding structures are also 

conserved on each concave cell. The ridges on the bottom and sidewall are correlated with the 

grooves structures on rose micropapillae cuticle (Figure 8-3(a), inset). Using fresh rose petals as 

well as optimizing PDMS synthesis are important for successful replication. A major difficulty for 
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PDMS replication is to achieve macroscopically surface flatness, as flower petal has natural shape. 

Pre-processing the rose petals by depressing or sandwiching between glasses slides, although 

improving the sample flatness, could simultaneously damaging the micropapillae structures. 

Nevertheless, replicating flat and high-fidelity rose structures are generally much easier than that 

based on animals such as moth eyes and butterfly wings, as their structures are only 

homogeneously distributed in scale of square millimeter without discontinuity. Figure 8-4(b) 

shows a picture of PDMS/rose assembly in petri-dish before curing. Reasonable flatness in ~ one 

square inch is achieved by cutting rose sample from the center of petal. The optimum curing 

temperature is found at 60 oC, which conserves the shape and structures of rose petals while 

facilitating the PDMS cross-linking process. An example view of the cured PDMS/rose assembly 

is shown in Figure 8-4(c). The shape and color of the yellow rose petal are conserved in the 

solidified PDMS. The appearance of the final PDMS mold after removing rose residues by piranha 

cleaning is demonstrated in Figure 8-4(d). The structure-replicated PDMS possess white color with 

reduced transparency. The appearing color of PDMS replica does not correlate with rose color, as 

rose color is chemical pigment-based. The PDMS mold retains a reasonable flatness which is 

beneficial for transfer imprint to create rose positive replicas. The contact angle was measured on 

both the PDMS negative replicas and the pristine PDMS without structures. The pristine PDMS 

demonstrated hydrophobic property with a contact angle of 112 o (Figure 8-4(e)), which agrees 

with the literature [161]. The structured PDMS replica, on the other hand, shows super-

hydrophobicity with a contact angle of 150 o (Figure 8-4(f)), demonstrating the impact of micro 

and nano-structures on macroscopic surface hydrophobicity. Such a super-hydrophobic surface 

could be used for various applications such as water-repelling and self-cleaning. 
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Figure 8-4. SEM and photographs of the synthesized PDMS replicas. (a) SEM micrographs of 

PDMS negative replica showing micro-concave cells with nanofoldings; inset shows nanofolding 

structures at higher magnification. Photographs of (b) a PDMS/rose assembly before curing, (c) a 

cured PDMS/rose assembly and (d) a final PDMS mold after rose petals removed by piranha clean. 

Photographs of water droplets on a PDMS surface (e) without structures, showing a contact angle 

of 112 o and (f) with negative replicated rose structures, showing a contact angle of 150 o. 

 

     The photoresist positive replica was created by imprinting PDMS negative replica into UV-

curing photoresist and curing with UV. We found at that no external pressure is required between 

PDMS mold and the substrate during the curing step, which simplifies the process and does not 

require any instrument. However, the contact of the PDMS molds with the photoresist films plays 

an important role for defect control. Before imprinting, it is typical to pre-treat the PDMS with 

oxygen plasma to reduce the mold surface hydrophobicity (e.g. 150 o before treatment to 86 o after 

treatment) for better contact with resist. Almost perfect contact of the PDMS mold with the 

photoresist films in large scale without any air gap or bubbles could be achieved with the treated 

PDMS surface. However, such treatment introduced difficulty during demolding process, even 

when PDMS surface recovers the hydrophobic property after a few hours of imprinting. Therefore, 

an optimum process was developed with untreated flat PDMS molds, by gently pressing into 

sufficient liquid resist droplet on the substrate to remove air bubbles before curing, and the PDMS 
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super-hydrophobicity yields easy mold release. SEM was used to characterize the morphology of 

imprinted SU-8 2002 thin films, and the hierarchical structures in Figure 8-5(a) and Figure 8-5(b) 

were corresponded with the rose structures shown in Figure 8-5(a) and Fig 2.26(c) respectively. 

The uniform and plump micro-convex cells with an average diameter around 20 to 30 µm were 

observed without visible defects or structure shrinkage, suggesting high reliability of replication 

process. The insets of Figure 8-5(a) and Figure 8-5(b) illustrate the zoom-in view of micro-convex 

cells, which demonstrated detailed cuticular folding structures on top and sidewall with excellent 

reproduction of original rose structures. The SU-8 2002 thin films imprinted with PDMS negative 

replica also demonstrated hydrophobicity. The water contact angle of 150 o (Figure 8-5(c)) and 120 

o (Figure 8-5(d)) were correlated with photoresist surface shown in Figure 8-5(a) and Figure 8-5(b) 

respectively, while a reference SU-8 2002 film imprinted with a flat pristine PDMS mold shows a 

contact angle of 90 o. The higher contact angle of Figure 8-5(a) compared with that of Figure 8-

5(b) was possibly ascribed to more nanofolding structures. The results demonstrated that large-

scale, high-fidelity positive replication of rose hierarchical structures including micropapillaes and 

nanofoldings could be successfully created on the photoresist thin-film by this simple imprint 

process. In addition, such functional structures could be imprinted repeatedly with the same PDMS 

mold given the reliable demolding process due to its super-hydrophobicity. 
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Figure 8-5. (a) – (b) SEM micrographs of imprinted photoresist positive replicas of rose 

hierarchical structures in Figure 8-3(a) and Figure 8-3(c) respectively. The uniform micropapillaes 

with nanofoldings are positive replication of rose surface structures. The inset shows nanofolding 

structures at higher magnification. (c) – (d) Photographs of water droplets on photoresist positive 

replica surface of (a), showing a contact angle of 150 o, and (b), showing a contact angle of 120 o. 

 

8.4 Optoelectronic Characterization 

     The micro and nano hierarchical structures of rose petals can improve light absorption and color 

saturation [160]. Successful replication of rose functional structures has potential application on 

photovoltaic or optoelectronic devices for performance enhancement. Here photodetectors with 

incorporated rose functional structures were studied. Two sets of identical Si photodiodes were 

coated with 15 μL of SU-8 2002. One was imprinted by a PDMS mold with negative rose structure 

replications while the other was imprinted by a flat pristine PDMS mold without structures for 

reference. The photoelectrical performance of these two photodiodes was then characterized in the 

dark and under halogen light illumination. Their corresponding I-V characteristics under reverse 

junction bias were illustrated in Figure 8-6(a). In dark state, both photodiodes show comparable 

currents at the level of tens of nA. Under illumination, the currents significantly increased due to 

the generation of electron-hole pairs upon photon absorption, and charge carrier extraction under 

applied electrical field. The illuminated currents increased gradually with increasing irradiance. 
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Under the same irradiance, the photodiode with replicated rose structures demonstrated higher 

current compared with the one without rose structures. Such behavior improvement was also 

illustrated in the plot of photodiode current versus irradiance at a 10 volts reverse bias in Figure 8-

6(b). The responsivity commonly used to evaluate the efficiency of a photodetector responding to 

an optical signal, is defined by, 

                                    𝑅 =
𝐼𝑖𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑒𝑑−𝐼𝑑𝑎𝑟𝑘

𝐿𝑙𝑖𝑔ℎ𝑡×𝑆
                                            (1) 

 Where Llight is the irradiance, S is the effective area, and Iilluminated and Idark are the current 

with and without illumination respectively. Here the relative responsivity is calculated by the ratio 

of responsivity with rose structure to that with referenced device of flat surface. The plot of relative 

responsivity versus irradiance, as expressed in Figure 8-6(b), demonstrated ~ 35% to 42% 

improvement under 0.05 μW/cm2 to 530 μW/cm2 illumination by incorporating replicated rose 

structures on the photodetectors. Similar behaviors are observed on multiple devices. The 

improved performance is ascribed to the light management effect of replicated rose hierarchical 

structures. The high-density and high-aspect ratio micropapillaes function similar to the microlens 

array which offers anti-reflection and photon re-distribution [162]. Such light trapping effect is 

further enhanced with the irregular cuticular nanofolding structures [157]. 
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Figure 8-6. Optoelectronic characteristics of Si photodetectors with replicated rose structures and 

reference flat device. (a) Logarithm I-V plot of Si photodiodes under reverse junction bias tested 

in the dark and under halogen light illumination conditions (0.05 μW/cm2 to 530 μW/cm2). The 

solid line represents the photodiode with photoresist rose replica while the dashed line represents 

the reference device without structures. (b) Plot of photodetector illuminated current versus 

irradiance (left Y-axis), and calculated photodetector relative responsivity versus irradiance (right 

Y-axis). The photodetector responsivity improved ~ 35% to 42% by incorporating replicated rose 

structures. The error bars represent standard deviation in multiple tests. 

 

8.5 Summary 

     In summary, the diverse surface hierarchical structures of roses were investigated. The 

micropapillaes and nanofoldings were observed on the rose petals, which improving light 

absorption and color saturation. Inspired by the rose functional structures, the PDMS molds with 

negative structure replication were synthesized in a simple solution casting and molding process. 

Uniform photoresist positive replicas of rose structures were formed successfully in the scale of 

square centimeter by UV-nanoimprint with the PDMS molds without an instrument. Super-

hydrophobicity was demonstrated on both PDMS negative replicas and photoresist positive 

replicas, which could be used for water-repelling and self-cleaning applications. The super-

hydrophobicity of PDMS replica also improved mold releasing and repeated patterning. The 
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replicated rose structures were incorporated on the photodetectors, contributing to a 35% to 42% 

improvement on the device responsivity due to light management effect. The results demonstrated 

the potential of utilizing plant surface structures in photovoltaic and optoelectronic applications by 

a simple and cost-effective replication process. 
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CONLUSIONS AND FUTURE WORK 

      This dissertation covers nanoscale semiconductor devices for biosensing and optoelectronic 

applications. The earlier chapters demonstrate fabrication, electrical characterization and pH 

sensing test of Si nanowire and MoS2 field-effect transistors for highly sensitive and stable 

detection. The later chapters demonstrate nanoimprint, device fabrication, physical and 

photoelectrical characterizations of MAPbI3 perovskite for highly efficient and cost-effective 

optoelectronics.    

     In chapter 2, Si NW FETs were fabricated based on lithographic process and electrically 

characterized. The effect of electrical bias with AC at source/drain on pH sensing were 

investigated. Improved pH sensitivity by 2-fold to 8-fold over a wide frequency range was 

demonstrated. The sensitivity frequency dependence was studied and the maximum improvement 

was found at the circuit cut-off frequency. Future work includes improvement of device structures 

to reduce parasitic capacitance, studying high-frequency AC for suppression of ion-screening, and 

incorporation of amplifying circuit for further sensitivity enhancement. 

     In chapter 3, the effect of electrical bias with AC at solution gate were investigated for pH 

sensing with Si NW FETs. Improved stability, repeatability and sensing accuracy were 

demonstrated ascribed to suppression of ion electro-kinetic diffusion-induced output drifting. Over 

12-fold improvement on repeatability and over 10-fold improvement on stability were 

demonstrated over a wide pH range, while over 30-fold improvement of reliability and over 50-

fold improvement of stability were revealed in detection of small pH signals. Future work may 

include studying dependence of sensing stability on frequency, and extending AC sensing setup to 

detection of biological analytes, and biosensor arrays and systems. 
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     In chapter 4, few-layer MoS2 FETs were fabricated and investigated for pH sensing. Both HfO2 

and Al2O3/HfO2 stacked gate were studied for real-time pH detection, and both sensors 

demonstrate highly linear, stable, and repeatable response over a wide pH range. HfO2 coated 

MoS2 FET demonstrates ultra-stable and repeatable detection in linear regime. Significantly higher 

sensitivity with a low detection limit of 0.01 pH was shown for Al2O3/HfO2 coated MoS2 FET 

ascribed to better device transfer characteristics. The results suggested the potential of MoS2 FETs 

for future practical high-demanding applications. Along this line, future work includes extension 

of sensing to biological analytes such as virus and DNA, and potential sensing improvement 

through modification of MoS2 channel structure with electron-beam lithography.  

     In chapter 6, patterning of MAPbI3 perovskite by nanoimprint was investigated. Improved 

crystallinity and optical properties were demonstrated after nanoimprint. Nanoscale photodetectors 

with imprinted structures were fabricated and investigated. Photoelectrical characterizations 

demonstrated significantly improved sensitivity for imprinted device compared to the non-

imprinted devices, with a best responsivity of 58.5 A/W under 4.5 nW/cm2 illumination for 

nanograting device.  The results suggested nanoimprint is suitable for fabricating perovskite nano-

optoelectronic device, array and circuits. Future work may include optimization of nanoimprint 

process, extension of nanoimprint to other perovskite materials MAPbBr3 and mixed halide 

perovskite, and fabrication of high-density photodetector arrays. 

     In chapter 7, further emission improvement of nanoimprinted perovskite metasurface were 

investigated for optoelectronic applications. Numerical simulations were conducted to find 

optimized nanostructure for photonic crystal cavity resonance. Modeling-based Si nanograting 

mold was fabricated based on electron-beam lithographic process, and then used to create 
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metasurface by nanoimprint. Amplified spontaneous emission with an 8-fold enhancement was 

observed at room temperature. The temperature dependent photoluminescence was also studied. 

Future work along this line leads to further optimization of geometry design to tune the highest-Q 

factor mode and fabrication process for control of structure and surface morphology to achieve 

lasing, and investigation of LEDs incorporated with modeling-based metasurface. 

     In chapter 8, nanoimprint of structures from biological surface were investigated for 

optoelectronic applications. Functional surface architectures of rose petals were studied. PDMS 

mold with negative replication of rose structures were fabricated, and used to create positive rose 

structural replicas by nanoimprint on UV-curable photoresist. The rose structures were 

incorporated onto commercial Si photodetectors for photoelectrical characterizations, and 

improved sensitivity was demonstrated suggesting the potential applications of bio-inspired 

nanoimprint on optoelectronics. Future work may include incorporation of rose structures in 

perovskite and other thin-film based solar cells and photodetectors. 
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